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eXd hQv JQ/2H bBKmHiBQM Q7 Zx X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRk
eX3 L2KiB+ Q`/2` T`K2i2` mM/2` `QiiBQM X X X X X X X X X X X X X X X X X X X X X X X X RRj
eXN "`QF2M bvKK2i`v Q`/2` T`K2i2`b mM/2` `QiiBQM X X X X X X X X X X X X X X X X X X X RRe
eXRy *`Qbb +Q``2HiBQM Q7 P`/2` S`K2i2`b +[mB`2/ i /Bz2`2Mi a+M M;H2b X X X X X X RRd
pBBB
+FMQrH2/;K2Mib
h?Bb T;2 Bb T`Q##Hv i?2 KQbi BKTQ`iMi T`i Q7 i?Bb i?2bBb- #2+mb2 MQi?BM; ?2`2 rQmH/ ?p2
#22M TQbbB#H2 rBi?Qmi i?2 KMv T2QTH2 r?Q ?p2 ?2HT2/ K2 HQM; i?2 rvX
6B`biHv- A rQmH/ HBF2 iQ i?MF Kv /pBbQ` C2MMv r?Q ?b mM7BHBM;Hv bmTTQ`i2/ K2 i?`Qm;?Qmi
i?2 mTb M/ /QrMb BM Kv T2`bQMH M/ T`Q72bbBQMH HB72 /m`BM; ;`/mi2 b+?QQHX A ?p2 H2`M2/
BKK2Mb2Hv 7`QK +QHH#Q`iBM; rBi? ?2` M/ ?2` BMbBbi2M+2 QM /BbiBHHBM; M/ +QKKmMB+iBM; T?vbB+b
BM  rv i?i Bb #Qi? `B;Q`Qmb M/ +H2`X L2ti- A rQmH/ HBF2 iQ i?MF i?2 K2K#2`b Q7 ahJR- M@
DM M/ uM; r?Q ?2HT2/ T2`7Q`K 2p2`v 2tT2`BK2Mi BM i?Bb i?2bBbX hQ MDM i?2 #B;;2bi i?MF
vQm 7Q` #2BM; Kv T`iM2`@BM@+`BK2 QM ahJR 7Q` i?2 HQM; MB;?ib M/ 2M/H2bb r22F2M/b /m`BM; i?2
}`bi 7Qm` v2`b Q7 Kv S?X.X h?MF vQm 7Q` i2+?BM; K2 KQbi Q7 r?i A FMQr #Qmi T?vbB+b- M/
HQr i2KT2`im`2 2tT2`BK2Mib- M/ 7Q` }tBM; i?2 ahJ BM Kv b2+QM/ v2`X hQ uM;- i?MFb 7Q`
#2BM; i?2 #2bi M/ KQbi mM/2`biM/BM; i2KKi2 A +QmH/ ?p2 ?/ /m`BM; i?2 Hbi irQ v2`bX
A ?p2 ;BM2/ BKK2Mb2Hv 7`QK ?Bb FMQrH2/;2 Q7 T?vbB+b- ?Bb +`2iBpBiv BM MHvxBM; M/ mM/2`@
biM/BM; /i M/ ?Bb +QMbiMi 7Q+mb QM }M/BM; M2r T?vbB+b 7`QK Qm` 2tT2`BK2MibX hQ i?2 M2r2bi
K2K#2` Q7 ahJR- CbQM- A rQmH/ HBF2 iQ i?MF ?BK 7Q` 7Q`;BpBM; Kv TQQ` mM/2`biM/BM; Q7 _S1a
M/ hAb- M/ ?2HTBM; K2 BMi2`T`2i i?2 rQ`F QM "B2a23X Ai `2HHv rQmH/ MQi ?p2 #22M TQbbB#H2 iQ
}MBb? i?Bb rQ`F ?/ Bi MQi #22M 7Q` i?2 7`B2M/Hv 7+2b BM i?2 H# 2`Hv BM i?2 KQ`MBM; M/ Hi2 i
MB;?iX aQ i?MF vQm iQ C22?QQM- GBx- /K- h2bb- G2M- .2MMBb- *M@GB- M/ JQxX
A rQmH/ HbQ HBF2 iQ i?MF S`Q7bX u+Q#v- a+?/2p- :QHQp+?2MFQ M/ EtB`b 7Q` b2`pBM; QM Kv
+QKKBii22b- M/ S`Q7bX KBi EMB;2H- w+?`v 6BbF- uQB+?B M/Q- >X 1BbFB M/ >X AFmi 7Q` i?2
bKTH2b T`2T`2/ BM i?2B` H#Q`iQ`B2bX
h?2 Hbi }p2 v2`b BM *K#`B/;2 rQmH/ ?p2 #22M H2bb 2MDQv#H2 M/ T`Q##Hv MQi TQbbB#H2
?/ Bi MQi #22M 7Q` i?2 7`B2M/b r?Q #2+K2 Kv 7KBHv BM *K#`B/;2X hQ AHBD M/ *Qm`iM2v- r?Q
Bt
r2H+QK2/ K2 BMiQ i?2B` HBp2b M/ bmTTQ`i2/ K2 i?`Qm;?Qmi i?2 Hbi v2`b @ i?2 #B;;2bi i?MF
vQmX A rBHH Hrvb `2K2K#2` i?2 a?Km #v i?2 TQQH- i?2 im`iH2b M/ i?2 KQDBiQbX h?MF vQm iQ
Kv `QQKKi2 :B`BF- r?Q ?b #22M  +QMbiMi T`2b2M+2 M/ bQm`+2 Q7 bmTTQ`i i?`Qm;?Qmi Kv
iBK2 ?2`2X M/ }MHHv iQ Kv KMv Qi?2` 7`B2M/b BM *K#`B/;2- vQm `2 iQQ MmK2`Qmb iQ i?MF-
#mi vQm ?2HT2/ K2 BKK2Mb2Hv HQM; i?2 rvX
hQ Kv 7KBHv A Qr2 i?2 KQbiX h?MF vQm iQ Kv KQi?2` M/ 7i?2`- *?`BbiBM M/ CBK- r?Q
b+`B}+2/ bQ Km+? iQ `Bb2 Kv #`Qi?2` M/ K2 iQ #2 r?Q r2 `2 iQ/vX hQ Kv #`Qi?2` ai2T?2M-
r?Q ?b #22M  +QMbiMi bQm`+2 Q7 7mM M/ 2M+Qm`;2K2MiX M/ }MHHv iQ Kv #2HQp2/ rB72- CQMM2-
r?Q ?b #22M rBi? K2 M/ bmTTQ`i2/ K2 2p2`v bi2T Q7 i?2 rvX h?MF vQm 7Q` TmiiBM; mT rBi?
i?2 #Q`/2` M/ THM2 `B/2 i?i b2T`i2/ mb- i?2 2M/H2bb aFvT2 +HHb- M/  HQM;@/BbiM+2 K`@
`B;2X qBi?Qmi vQm KQbi Q7 HH- MQM2 Q7 i?Bb rQmH/ ?p2 ?TT2M2/X A +MǶi rBi iQ `2/m+2 i?2
/BbiM+2 #2ir22M mb #v  72r Q`/2`b Q7 K;MBim/2X
t





Pp2` i?2 Tbi }p2 v2`b- i?2 }2H/ Q7 +QM/2Mb2/ Kii2` T?vbB+b ?b +iBp2Hv bim/B2/ irQ 7KBHB2b
Q7 Ki2`BHb, URV  M2r +Hbb Q7 Ki2`BHb FMQrM b iQTQHQ;B+H BMbmHiQ`b- UkV i?2 BMi`B;mBM; M/
TQQ`Hv mM/2`biQQ/ +QTT2`@#b2/ ?B;? i2KT2`im`2 bmT2`+QM/m+iQ`bX h?Bb +?Ti2` ;Bp2b  #`Q/
Qp2`pB2r Q7 i?2b2 irQ 7KBHB2b Q7 Ki2`BHb- /Bb+mbb2b i?2B` mMmbmH +?`+i2`BbiB+b- M/ TQi2MiBH
TTHB+iBQMbX h?2 }MH b2+iBQM Q7 i?Bb +?Ti2` QmiHBM2b i?2 bi`m+im`2 Q7 i?2 `2KBMBM; +?Ti2`b BM
i?Bb i?2bBbX
R
RXR  L2r *Hbb Q7 Ji2`BHb, hQTQHQ;B+H AMbmHiQ`b
Pp2` i?2 Tbi /2+/2- +QM/2Mb2/ Kii2` T?vbB+b ?b #22M `2pQHmiBQMBx2/ #v i?2 mM/2`biM/BM;
i?i BMi2`+iBQMb #2ir22M i?2 2H2+i`QMǶb bTBM M/ Q`#BiH KQiBQM- ǳbTBM@Q`#Bi +QmTHBM;Ǵ- +M H2/
iQ M2r M/ 2t+BiBM; 2H2+i`QMB+ T?b2bX AM T`iB+mH`- bBM+2 kyyN-  M2r +Hbb Q7 ǳiQTQHQ;B+H Ki2@
`BHbǴ ?b #22M /Bb+Qp2`2/ BM +QKTQmM/b rBi?  bi`QM; bTBM@Q`#Bi +QmTHBM; UaP*V- M/  bKHH
#M/;T- bm+? b "B2a23- "B2h23- M/ "B1−xa#x (RĜ9)X h?2 2H2+i`QMB+ bii2b i i?2 bm`7+2 Q7
i?2b2 Ki2`BHb 2t?B#Bi mMB[m2 T`QT2`iB2b- bBKBH` iQ i?Qb2 Q7 ;`T?2M2- i?i +M #2 2tTHQBi2/ 7Q`
7mim`2 TTHB+iBQMb BM bTBMi`QMB+b- [mMimK +QKTmiiBQM- Q` BM i?2 b2`+? 7Q` 2tQiB+ T?vbB+b (kĜ8)X
h?2b2 Ki2`BHb- +HH2/ ǳiQTQHQ;B+H BMbmHiQ`bǴ- r2`2 T`2/B+i2/ mbBM;  M2rHv 2K2`;2Mi mM/2`@
biM/BM; Q7 2H2+i`QMB+ iQTQHQ;B+H +Hbb2b BM +QM/2Mb2/ Kii2` bvbi2KbX AM i?Bb b2+iBQM- r2 #`B2~v
/2b+`B#2 i?2 +QM+2Ti Q7 iQTQHQ;v b TTHB2/ iQ +QM/2Mb2/ Kii2` bvbi2Kb- M/ /Bb+mbb i?2 2t+Bi@
BM; 2tT2`BK2MiH T?vbB+b i?i `Bb2b 7`QK i?2b2 Ki2`BHbX
RXRXR hQTQHQ;B+H 1H2+i`QMB+ S?b2b
hQTQHQ;B+H BMbmHiQ`b `2 Ki2`BHb BM r?B+? i?2 #mHF ?b M BMbmHiBM; ;T BM i?2 /2MbBiv Q7
bii2b- r?BH2 i?2 bm`7+2 +QMiBMb mMB[m2 bm`7+2 bii2b i?i ?p2 iQTQHQ;B+H T`QT2`iB2bX h?2
T`2b2M+2 Q7 i?2b2 2tQiB+ 2H2+i`QMB+ bii2b i i?2 BMi2`7+2 Q7 i?2 iQTQHQ;B+H BMbmHiQ` rBi? i?2
p+mmK Bb +?`+i2`BbiB+ Q7 i?2 iQTQHQ;B+H Mim`2 Q7 i?2 Ki2`BHX
>Qr /Q2b iQTQHQ;v- r?B+? Bb  #`M+? Q7 Ki?2KiB+b +QM+2`M2/ rBi? i?2 T`QT2`iB2b Q7 Q#D2+ib
M/ bT+2 mM/2` +QMiBMmQmb /27Q`KiBQMb- T`2/B+i i?2 2tBbi2M+2 Q7 2tQiB+ 2H2+i`QMB+ T?b2b\ b
M 2tKTH2- iQTQHQ;v +M +HbbB7v k. bm`7+2b /2T2M/2Mi QM i?2 MmK#2` Q7 ?QH2b BM i?2 bm`7+2-
Q` i?2 ;2Mmb g- b b?QrM BM 6B;X RXRX P#D2+ib rBi?BM i?2 bK2 ;2Mmb `2 2[mBpH2Mi #2+mb2 BM
T`BM+BTH2- i?2v +M #2 bi`2i+?2/ M/ /27Q`K2/ BMiQ QM2 MQi?2`- rBi?Qmi TQFBM;  ?QH2 i?`Qm;?
i?2KX AM i?Bb rv-  /QMmi Bb +HbbB}2/ b g = 1 M/ Bb 2[mBpH2Mi iQ  +Qz22 Km; rBi?  ?M@
/H2X J2Mr?BH2 M BS?QM2- r?B+? +M #2 +QMiBMmQmbHv /27Q`K2/ BMiQ M Q`M;2- ?b MQ ?QH2b- M/
#Qi? `2 +HbbB}2/ b g = 0X P#D2+ib rBi?BM QM2 ;2Mmb +MMQi #2 +QMiBMmQmbHv /27Q`K2/ rBi?Qmi
TmM+im`BM; Q` +HQbBM; i?2 ?QH2- M/ bQ i?2b2 irQ 7KBHB2b `2T`2b2Mi /BbiBM+i M/ KmimHHv 2t+Hm@
k
g = 1g = 1





6B;m`2 RXR, 1tKTH2b Q7  hQTQHQ;B+H +HbbB}+iBQMX P#D2+ib +M #2 +HbbB}2/ #v Bib MmK#2` Q7
?QH2b gX HH Q#D2+ib i?i +M #2 +QMiBMmQmbHv /27Q`K2/ iQ QM2 MQi?2`- r?BH2 T`2b2`pBM; g `2 rBi?BM i?2
bK2 iQTQHQ;B+H +HbbX >2`2 r2 ?p2 M 2tKTH2 Q7 UV  /QMmi rBi? g = 1 #2BM; BM i?2 bK2 +Hbb b 
+Qz22 Km; rBi?  ?M/H2- M/ U#V M BS?QM2 rBi? g = 0 #2BM; BM i?2 bK2 +Hbb b M Q`M;2X
bBp2 7KBHB2b Q7 b?T2b M/ Q#D2+ibX
hQTQHQ;B+H BMbmHiQ`b /Bz2` 7`QK ;2M2`B+ Q` ǳi`BpBHǴ BMbmHiQ`b i?`Qm;?  bBKBH` iQTQHQ;B+H
+HbbB}+iBQM- r?B+? BMbi2/ Q7 K2bm`BM; i?2 MmK#2` Q7 ?QH2b BM M Q#D2+i- K2bm`2b  T`QT2`iv
+HH2/ i?2 "2``vǶb T?b2 BM i?2 2H2+i`QMB+ bi`m+im`2 Q7 i?2 Ki2`BH (k- j)X h?2 ;2Mmb g Q7 6B;X RXR
Bb 2[mBpH2Mi iQ i?2 iQTQHQ;B+H BMp`BMi Q7 i?2 bvbi2K- r?B+? `2KBMb +QMbiMi bQ HQM; b i?2
Ki2`BH +QMiBMb  bT2+i`H ;T ∆ BM Bib #M/ bi`m+im`2 Q` /2MbBiv Q7 bii2bX "2+mb2 i?2 p+@
mmK Bb +QMbB/2`2/  ǳiQTQHQ;B+HHv i`BpBH BMbmHiQ`Ǵ- i?2 #QmM/`v #2ir22M  iQTQHQ;B+HHv ǳMQM@
i`BpBHǴ M/  iQTQHQ;B+HHv i`BpBH BMbmHiQ` rBHH ?p2 mMB[m2 T`QT2`iB2b- M/ 7Q` Qm` Tm`TQb2b- i?2
MQp2H 2H2+i`QMB+ bii2b Q7 BMi2`2biX
PM2 Q7 i?2 7mM/K2MiH +QMb2[m2M+2b Q7 i?2 iQTQHQ;B+H +HbbB}+iBQM Q7 Ki2`BHb- Bb i?i i
i?2 #QmM/`v r?2`2 i?2 iQTQHQ;B+H +HbbB}+iBQM +?M;2b- i?2`2 rBHH 2tBbi ;TH2bb +QM/m+iBM;
bii2b i i?2 2/;2 (k)X "2+mb2 i?2 iQTQHQ;B+H BMp`BMi Kmbi +?M;2 i i?2 BMi2`7+2- i?2 bT2+@
i`H ;T ∆ → 0- H2/BM; iQ i?2 2tBbi2M+2 Q7 ;TH2bb- K2iHHB+ 2/;2 bii2bX h?2 bBKTH2bi 2tK@
TH2 Q7 2/;2 bii2b 2tBbiBM; i i?2 BMi2`7+2 Q7 iQTQHQ;B+HHv i`BpBH M/ MQM@i`BpBH Ki2`BHb Bb i
i?2 BMi2`7+2 Q7 M BMi2;2` [mMimK ?HH bvbi2K M/ i?2 p+mmK- b?QrM b+?2KiB+HHv BM 6B;X
j
RXkX AM i?2 #mHF Q7 i?2 [mMimK ?HH bvbi2K- 2H2+i`QMb i?i `2 +QM}M2/ BM irQ /BK2MbBQMb mM@
/2`  T2`T2M/B+mH` K;M2iB+ }2H/ B rBHH mM/2`;Q +v+HQi`QM Q`#Bib rBi?  +v+HQi`QM 7`2[m2M+v-
ωc = eB(mc)−1- r?2`2 e Bb i?2 2H2+i`QM +?`;2- m Bb i?2 2H2+i`QM Kbb- M/ c Bb i?2 bT22/ Q7
HB;?iX h?2 [mMimK ?HH bvbi2K +M #2 +QMbB/2`2/ M BMbmHiQ` rBi?  #M/;T ∆ = !ωc- r?B+?
b2T`i2b i?2 ?B;?2bi Q++mTB2/ 2H2+i`QM H2p2H- +HH2/  GM/m H2p2H- 7`QK i?2 HQr2bi mMQ++mTB2/
GM/m H2p2HX >Qr2p2`- i?2 BMi2`7+2 #2ir22M i?2 p+mmK- r?B+? Bb 2[mBpH2Mi iQ iQTQHQ;B+HHv
i`BpBH BMbmHiQ`b- M/ i?2 [mMimK ?HH bvbi2K rBHH TQbb2bb iQTQHQ;B+H bm`7+2 bii2bX hQ b22
i?Bb- r2 bBKTHv 2tKBM2 i?2 2H2+i`QM KQiBQM i i?2 2/;2X i i?2 2/;2 Q7 i?2 bvbi2K- i?2 2H2+@
i`QMb +MMQi +QKTH2i2 i?2B` +v+HQi`QM Q`#Bib- M/ i?2 `2bmHi Bb  bFBTTBM; KQiBQM i?i H2/b iQ
mMB/B`2+iBQMH ~Qr Q7 2H2+i`QMb i i?2 2/;2 Q7 i?2 k. [mMimK ?HH bvbi2K (k- e)X h?2 2/;2 bii2b
`2 +?B`H- BM i?2 b2Mb2 i?i i?2B` /B`2+iBQM Q7 T`QT;iBQM Bb QMHv BM QM2 /B`2+iBQM- M/ i?2`27Q`2
i?2 2/;2 bii2b `2 BMb2MbBiBp2 iQ /BbQ`/2`X h?Bb Q#b2`piBQM BM i?2 [mMimK ?HH bvbi2K Bb KQ`2
;2M2`H- M/ H2/b iQ i?2 +QM+HmbBQM i?i ;TH2bb- +?B`H 2/;2 bii2b rBHH 2tBbi i Mv BMi2`7+2 #2@
ir22M irQ iQTQHQ;B+H T?b2bX
RXRXk h?`22 .BK2MbBQMH hQTQHQ;B+H AMbmHiQ`b
6QHHQrBM; i?2Q`2iB+H rQ`F #v  MmK#2` Q7 `2b2`+? ;`QmTb (R- dĜRy)-  iQTQHQ;B+H Z2 BMp`BMi
rb /2p2HQT2/ iQ +HbbB7v iQTQHQ;B+H Ki2`BHb BM i?2 T`2b2M+2 Q7 bi`QM; bTBM@Q`#Bi +QmTHBM; M/
iBK2 `2p2`bH bvKK2i`v Uh_aVX GBF2 i?2 k@/BK2MbBQMH BMi2;2` [mMimK ?HH bii2- i?2 #QmM/@
`v #2ir22M i`BpBH Z2 M/ MQMi`BpBH Z2 +Hbb2b Kmbi ?p2 ;TH2bb bm`7+2 bii2bX "2+mb2 Q7 i?2
+QK#BMiBQM Q7 iBK2 `2p2`bH bvKK2i`v Uh_aV- M/ bTBM@Q`#Bi +QmTHBM;- i?2 iQTQHQ;B+H bm`7+2
bii2b UhaaV i?i 2tBbi i i?2 #QmM/`v Q7 i`BpBH M/ MQM@i`BpBH iQTQHQ;B+H +Hbb2b ?p2 2tQiB+
T`QT2`iB2b (k- j)X 6B`bi- i?2 +?M;2 BM iQTQHQ;B+H +Hbb2b ;m`Mi22b i?2 2tBbi2M+2 Q7 i?2b2 ;T@
H2bb bm`7+2 bii2b- KFBM; i?2 bm`7+2 bii2b `Q#mbi iQ MQM@K;M2iB+ BKTm`BiB2b- M/ BKTm`Biv
BM/m+2/ HQ+HBxiBQM 2z2+ibX i i?2 ?B;? bvKK2i`v TQBMib- #2+mb2 Q7 i?2 h_a- i?2 bTBM mT M/
/QrM bii2b `2 /2;2M2`i2- #mi rv 7`QK i?2 ?B;? bvKK2i`v TQBMib- i?2 /2;2M2`+v Bb bTHBi













6B;m`2 RXk, AMi2`7+2 Q7  ZmMimK >HH avbi2K rBi?  h`BpBH AMbmHiQ`X AM M TTHB2/ K;@
M2iB+ }2H/- i?2 2H2+i`QMb BM  k. 2H2+i`QM ;b mM/2`;Q +v+HQi`QM Q`#Bib rBi?  7`2[m2M+v ωc = eB(mc)−1-
r?2`2 m Bb i?2 Kbb Q7 i?2 2H2+i`QM- e Bb i?2 +?`;2 Q7 i?2 2H2+i`QM- M/ B Bb i?2 K;MBim/2 Q7 i?2 K;@
M2iB+ }2H/X h?2 2M2`;v bii2b Q7 i?Bb bvbi2K `2 b2T`i2/ #v ∆ = !ωc- M/ +M #2 i?Qm;?i Q7 b  #M/
;T- bBKBH` iQ i?2 #M/ ;T Q7  i`BpBH BMbmHiQ`- #`Qm;?i QM #v #M/ i?2Q`vX i i?2 BMi2`7+2 Q7 i?2 i`Bp@
BH M/ MQM@i`BpBH T?b2b- M 2/;2 bii2 2tBbib- r?B+?- #2+mb2 Q7 i?2 bFBTTBM; +v+HQi`QM Q`#Bib- ?b  bBM@
;H2 /B`2+iBQM i?i i`p2`b2b i?2 2/;2 Q7 i?2 [mMimK ?HH bvbi2KX
bBQM Q7 i?2 bii2b ?b i?2 7Q`K Q7 KbbH2bb .B`+ 72`KBQMb-
E(k) = vDk + EDP URXRV
r?2`2- k Bb `2HiBp2 iQ i?2 ?B;? bvKK2i`v TQBMi- vD Bb i?2 p2HQ+Biv i i?2 .B`+ TQBMi- M/ EDP
Bb i?2 2M2`;v Q7 i?2 /2;2M2`+vX 6m`i?2`KQ`2- i?2 .B`+ /BbT2`bBQM `QmM/ i?2 ?B;? bvKK2i`v
k@TQBMi Bb ;m`Mi22/ #v h_aX h_a HbQ `2[mB`2b i?i "k M/ −"k Kmbi ?p2 QTTQbBi2 bTBM bii2b-
`2bmHiBM; BM  +?B`HBiv i?i HQ+Fb i?2 "k bii2b iQ bT2+B}+ bTBM bii2bX h?2 /BbT2`bBQM M/ i?2 2t@
Bbi2M+2 Q7 i?2 bm`7+2 bii2b BM i?2 ;T Bb b?QrM b+?2KiB+HHv BM 6B;X RXj-# (RR)- r?2`2 r2 +M
b22 i?i haa bTM i?2 #mHF #M/ ;T ∆X 6BMHHv- BM i?2 T`2b2M+2 Q7 MQM@K;M2iB+ /BbQ`/2`- iQTQ@
HQ;B+H bm`7+2 bii2b BKTBM;BM; QM /BbQ`/2` `2 7Q`#B//2M iQ #+F@b+ii2` #2+mb2 i?2 "k → −"k
b+ii2`BM; T`Q+2bb `2[mB`2b  7Q`#B//2M bTBM@~BTX h?Bb BKTHB2b i?i i?2 iQTQHQ;B+H bm`7+2 bii2b














































6B;m`2 RXj, h?`22 .BK2MbBQMH hQTQHQ;B+H AMbmHiQ`bX UV *`iQQM Q7 i?2 bm`7+2 bii2b BM 
i?`22 /BK2MbBQMH iQTQHQ;B+H BMbmHiQ`- b?QrM BM Q`M;2X i i?2 ?B;? bvKK2i`v TQBMi k = 0- i?2 bm`@
7+2 bii2b `2 /2;2M2`i2X rv 7`QK k = 0- aP* bTHBib i?2 /2;2M2`+v Q7 i?2 bTBM bii2bX U#V M;H2 `2@
bQHp2/ T?QiQ2KBbbBQM bT2+i`Qb+QTv Q7 i?2 iQTQHQ;B+H bm`7+2 bii2b UhaaV BM "B2a23X 6B;m`2 /Ti2/ 7`QK
_27X (RR)X h?2 .B`+ /BbT2`bBQM Q7 i?2 haa Bb +QM}`K2/ BM i?2 /iX U+V a+ii2`BM; KQ/2b 7`QK  bi2T
2/;2 BM iQTQQ;B+H a# URRRVX h?2 irQ b+ii2`BM; KQ/2b qA M/ qB +Q``2bTQM/ iQ i?2 b+ii2`BM; T`Q+2bb2b
b+?2KiB+HHv b?QrM BM U/VX LQiB+2 i?2 #b2M+2 Q7 #Hm2 iQ `2/ b+ii2`BM;- r?B+? rQmH/ `2[mB`2  bTBM@~BT
M/ Bb 7Q`#B//2MX U+V M/ U/V r2`2 /Ti2/ 7`QK _27X (Rk)X
2tT2`BK2MiHHv b?QrM mbBM;  b+MMBM; imMM2HBM; KB+`Qb+QT2 BM 6B;X RXj+-/ (Rk)X
h?2 BMi`Q/m+iBQM Q7 iQTQHQ;B+H +Hbb2b BMiQ i?2 }2H/ Q7 +QM/2Mb2/ Kii2` T?vbB+b ?b H2/ iQ
 bm`;2 BM `2b2`+? i?i ?b vB2H/2/ 2t+BiBM; M2r T?vbB+bX h?2 mMB[m2 T`QT2`iB2b Q7 hAb ?b T@
THB+iBQMb iQr`/b  p`B2iv Q7 BMi2`2biBM; MQp2H /2pB+2bX h?2 BMi2`7+2 Q7  72``QK;M2i M/  hA
+QmH/ vB2H/  MQp2H bTBMi`QMB+ /2pB+2 (Rj)X J2Mr?BH2- i?2 pQ`i2t bii2 i i?2 BMi2`7+2 Q7  iQTQ@
HQ;B+H BMbmHiQ` M/  bmT2`+QM/m+iQ` +QmH/ vB2H/ M 2tQiB+ T`iB+H2 FMQrM b  JDQ`M T`@
iB+H2 (R9)- r?B+? ?b i?2 mMB[m2 T`QT2`iv i?i Bi Bb Bib QrM MiBT`iB+H2 (R8)X JDQ`M 72`KBQMb
+QmH/ #2 mb2/ iQ /2pBb2  MQp2H [mMimK +QKTmi2` i?i Bb r2HH@T`Qi2+i2/ 7`QK 2``Q`b M/ miBHBx2b
MQM@#2HBM biiBbiB+b (Re)X .2bTBi2 i?2b2 2t+BiBM; TQbbB#BHBiB2b-  i`2K2M/Qmb KQmMi Q7 mMM@
br2`2/ [m2biBQMb `2KBM- BM+Hm/BM; r?2i?2` i?2`2 `2 Qi?2` ivT2b Q7 iQTQHQ;B+H T?b2b BM M2r
Ki2`BHb- M/ r?2i?2` +m``2Mi Ki2`BHb +M #2 2M;BM22`2/ 7Q` #2ii2` /2pB+2 TTHB+iBQMbX h?2
M2r mM/2`biM/BM; #`Qm;?i #Qmi #v iQTQHQ;v ?b QMHv b+`i+?2/ i?2 bm`7+2 M/ KMv M2r
7Q`Kb Q7 iQTQHQ;B+H BMbmHiQ`b rBHH #2 /Bb+Qp2`2/- 2+? rBi? /Bz2`2Mi /pMi;2b M/ /Bb/pM@
i;2b +QKT`2/ iQ i?2 T`2pBQmb ;2M2`iBQMX
e
IT > Tc T < Tc
B B
(a) (b)
6B;m`2 RX9, S`QT2`iB2b Q7 bmT2`+QM/m+iQ`bX UV i i2KT2`im`2b HQr2` i?M Tc- i?2 `2bBbBiBpBiv pM@
Bb?2b- b b?QrM 7Q` >; 7`QK _27X (R3)X U#V i i2KT2`im`2b HQr2` i?M Tc- i?2 bmT2`+QM/m+iQ` #2+QK2b
T2`72+iHv /BK;M2iB+- 2tT2HHBM; HH 2ti2`MH K;M2iB+ }2H/bX 6B;m`2 /Ti2/ 7`QK _27X (RN)X
RXk >B;? h2KT2`im`2 amT2`+QM/m+iBpBiv
amT2`+QM/m+iBpBiv- Bb  T?b2 Q7 Kii2` i?i Bb +?`+i2`Bx2/ #v x2`Q `2bBbiBpBiv- M/ T2`72+i /B@
K;M2iBbK- b /2b+`B#2/ BM 6B;X RX9X i x2`Q }2H/- i?2 Ki2`BH 2Mi2`b i?2 bmT2`+QM/m+iBM; T?b2
7`QK i?2 MQ`KH T?b2 i  i`MbBiBQM i2KT2`im`2 Tc- r?B+? 7Q` KQbi bmT2`+QM/m+iQ`b /Bb+Qp@
2`2/ BM i?2 2`Hv RNyyb rb ∼< 20 EX  i?2Q`2iB+H /2b+`BTiBQM Q7 i?2 bmT2`+QM/m+iBM; K2+?@
MBbK rb }MHHv T`QTQb2/ #v "`/22M- *QQT2` M/ a+?`B2z2` U"*aV BM RN8d (Rd)X "*a i?2Q`v
/2b+`B#2/ i?2 bmT2`+QM/m+iBM; bii2 b +QKT`Bb2/ Q7 TB`b Q7 2H2+i`QMb- +HH2/ ǵ*QQT2` TB`bǶ- i?i
r2`2 #QmM/ #v  r2F T?QMQM@K2/Bi2/ ii`+iBQMX h?2 TB`BM; Q7 2H2+i`QMb QT2M2/  bT2+i`H
;T BM i?2 /2MbBiv Q7 bii2b i i?2 62`KB H2p2H 7`QK i?2 TB`BM; T`Q+2bb- H2/BM; iQ  r2HH FMQrM
;T ∆ i?i Bb bbQ+Bi2/ rBi? i?2 bmT2`+QM/m+iBM; bii2X "v i?2 RN3yb- i?2 i?2Q`v Q7 bmT2`+QM@
/m+iBpBiv rb r2HH 2bi#HBb?2/- M/ bmT2`+QM/m+iBpBiv rb +QMbB/2`2/  +`vQ;2MB+ T?2MQK2MQM-
++2bbB#H2 QMHv BM H#Q`iQ`v +QM/BiBQMbX
RXkXR *QTT2`@#b2/ >B;? Tc amT2`+QM/m+iQ`b
h?2 +QM/2Mb2/ Kii2` +QKKmMBiv rb bm`T`Bb2/ #v i?2 `TB/ /Bb+Qp2`v BM RN3e Q7 +QTT2`@#b2/
?B;? i2KT2`im`2 bmT2`+QM/m+iQ`b U+mT`i2bVX G"*mP4 rb i?2 }`bi +QKTQmM/ /Bb+Qp2`2/-
rBi? Tc = 30 E (ky)- r?B+? rb [mB+FHv 7QHHQr2/ #v u"2*m3P7+x Uu"*PV rBi? Tc = 93 E (kR)X
"2+mb2 i?2 i`MbBiBQM i2KT2`im`2 Q7 u"*P rb #Qp2 HB[mB/ MBi`Q;2M i2KT2`im`2 UTGL2 = 77
d
































6B;m`2 RX8, hBK2HBM2 Q7 i?2 /Bb+Qp2`v Q7 i?2 *mT`i2 bmT2`+QM/m+iQ`bX P`M;2 +B`+H2b `2T`2b2Mi
i?2 Tc Q7 i?2 /Bz2`2Mi 7KBHB2b Q7 i?2 *mT`i2 bmT2`+QM/m+iQ`bX _2/ M/ #Hm2 /b?2/ HBM2b BM/B+i2 i?2
i2KT2`im`2 Q7 +`vQ;2MB+ HB[mB/ MBi`Q;2M M/ HB[mB/ ?2HBmKX 6B;m`2 /Ti2/ 7`QK _27X (kk)X
EV- i?Bb rb i?2 }`bi bmT2`+QM/m+iQ` i?i +QmH/ #2 +QQH2/ mbBM; HQr +Qbi HB[mB/ MBi`Q;2M- `i?2`
i?M ?B;?2` +Qbi HB[mB/ ?2HBmK UTG>2 = 4.2 EVX h?2 /Bb+Qp2`v Q7 u"*P [mB+FHv H2/ iQ ?QT2b i?i
M2r +Qbi@2z2+iBp2 i2+?MQHQ;B+H TTHB+iBQMb BM TQr2` i`MbKBbbBQM- 2H2+i`QMB+b- M/ i`MbTQ`i@
iBQM +QmH/ #2 +?B2p2/ mbBM; bmT2`+QM/m+iQ`b rBi? 2p2` ?B;?2` TcX //BiBQMH /Bb+Qp2`B2b Q7 i?2
"B@#b2/- hH@#b2/ M/ >;@#b2/ +QTT2` QtB/2 bmT2`+QM/m+iQ`b rQmH/ bQQM Tmb? i?2 i`MbBiBQM
i2KT2`im`2 mT iQ ∼ 140 EX h?2 `TB/ /Bb+Qp2`v Q7 /Bz2`2Mi bmT2`+QM/m+iBM; Tc Bb b?QrM BM 6B;X
RX8X .2bTBi2 i?2 BMBiBH T`QKBb2 M/ ?QT2b i?i Tc KB;?i #2 Tmb?2/ #Qp2 `QQK i2KT2`im`2- H@
HQrBM; `QQK i2KT2`im`2 bmT2`+QM/m+iBpBiv- i?2 T`Q+2bb Q7 2M;BM22`BM; ?B;?2` Tc bmT2`+QM/m+iQ`b
?b #22M ?KT2`2/ #v  TQQ` mM/2`biM/BM; Q7 i?2 bmT2`+QM/m+iBM; K2+?MBbK BM i?2 +mT`i2bX
h?2`2 `2 KmHiBTH2 7KBHB2b Q7 /Bz2`2Mi *mT`i2 bmT2`+QM/m+iQ`b- r?B+? `2 ivTB+HHv +HbbB}2/
#b2/ Qz Q7 i?2 }`bi 2H2K2Mi BM i?2 +?2KB+H 7Q`KmH UBX2X G- u- "B- >; M/ hH #b2/ 7KBHB2bVX
h?2 *mT`i2b `2 Hv2`2/ Ki2`BHb Q7 /Bz2`2Mi sPn THM2b- r?2`2 s Bb MQi?2` 2H2K2Mi BM i?2
+QKTQmM/X M BHHmbi`iBQM Q7 i?2 bi`m+im`2 Q7  "B@#b2/ +mT`i2 Bb b?QrM BM 6B;X RXeX h?2 irQ@
/BK2MbBQMH *mP2 THM2b `2 i?2 F2v BM;`2/B2Mi BM i?2 *mT`i2b- #2BM; `2bTQMbB#H2 7Q` i?2 bmT2`@
+QM/m+iBpBivX q?i Bb bm`T`BbBM; #Qmi i?2 *mT`i2b- Bb i?i i?2 bmT2`+QM/m+iBpBiv QMHv `Bb2b











Bi Sr Cu O
BiO
6B;m`2 RXe, _2T`2b2MiiBQM Q7 i?2 +`vbiH bi`m+im`2 Q7 "B@kkyRX "2+mb2 i?2 iQT M/ #QiiQK Hv@
2`b `2 "BP Hv2`b- i?2 #QM/BM; #2ir22M irQ "BP Hv2`b Bb i?2 r2F2bi- M/ /2}M2b i?2 +H2p2 THM2 Q7
"B@kkyR +`vbiHX
JQii BMbmHiQ`X h?2 7+i i?i M MiB72``QK;M2iB+ Q`/2` +QmH/ ;Bp2 `Bb2 iQ bmT2`+QM/m+iBpBiv Bb
bm`T`BbBM;- ;Bp2M i?i bmT2`+QM/m+iBpBiv Bb i?Qm;?i iQ #2 /2bi`Qv2/ #v K;M2iBbKX
RXkXk "B@kkyR ai`m+im`2
h?2 +mT`i2 +QKTQmM/ i?i Bb bim/B2/ BM i?Bb i?2bBb- Bb i?2 "B@#b2/ +mT`i2 rBi?  bBM;H2 *mP2
Hv2`- "B2−ya`2−xGxS#y*mP6+δX h?Bb +QKTQmM/ Bb ivTB+HHv FMQrM b ǳ"B@kkyRǴ- BM `272`2M+2
iQ i?2 +?2KB+H bm#b+`BTib Q7 i?2 T`2Mi +QKTQmM/b Q7 i?2 "B@#b2/ bmT2`+QM/m+iQ`b- r?B+? ivT@
B+HHv ?p2 i?2 7Q`K, "B2a`2*n−1*mnP2n+4+δX M/ bQ i?2 n = 2 /Qm#H2 *mP2 Hv2`2/ +QK@
TQmM/ "B2a`2*1*m2P8 Bb ivTB+HHv +HH2/ "B@kkRk- r?BH2 i?2 bBM;H2 Hv2`2/ n = 1 +QKTQmM/
"B2a`2*0*m1P6 Bb +HH2/ "B@kkyRX h?2 "B@#b2/ +mT`i2b `2 B/2H 7Q` bim/B2b mbBM; b+MMBM;
imMM2HBM; KB+`Qb+QTv #2+mb2 Q7 i?2B` `2HiBp2Hv H`;2 +`vbiH bBx2b- M/ 2bBHv +H2p2/ bi`m+im`2X
6Q` `272`2M+2- r2 /BbTHv BM 6B;X RXe i?2 "B@kkyR +`vbiH bi`m+im`2- r?B+? Bb bim/B2/ BM *?Ti2`b 8
M/ eX
N
RXkXj Jvbi2`BQmb Sb2m/Q;T S?b2
h?2 /QTBM; /2T2M/2M+2 Q7 i?2 +mT`i2b H2/b iQ  +QKTHB+i2/ i?`22 /BK2MbBQMH T?b2 /B;`K
i?i /2T2M/b QM i?2 ?QH2 /QTBM; x- i?2 i2KT2`im`2 T - M/ i?2 K;M2iB+ }2H/ HX i x2`Q }2H/-
i?2 T?b2 /B;`K 7Q` i?2 +mT`i2b ?b i?2 7Q`K b?QrM BM 6B;X RXdX i x2`Q ?QH2 /QTBM; p- i?2
+mT`i2b `2 MiB72``QK;M2iB+ BMbmHiQ`b- QMHv mTQM /QTBM; /Q2b i?2 bmT2`+QM/m+iBpBiv 2K2`;2X
PTiBKH /QTBM;- Bb i?2 /QTBM; H2p2H i r?B+? i?2 bmT2`+QM/m+iBM; Tc Bb KtBKmK- r?B+? BM 6B;X
RXd- Bb pop ∼ 0.16X S`BK`BHv QM i?2 mM/2`/QT2/ Up < pQTV bB/2 Q7 i?2 T?b2 /B;`K-  Kvbi2`BQmb
T?b2 +HH2/ i?2 Tb2m/Q;T T?b2- 2tBbib BM //BiBQM iQ i?2 bmT2`+QM/m+iBM; T?b2X h?2 Tb2m/Q@
;T T?b2 Bb +?`+i2`Bx2/ #v  ;T BM i?2 /2MbBiv Q7 bii2b i?i 2tBbib i T > Tc- #mi #2HQr i?2
Tb2m/Q;T QMb2i i2KT2`im`2 Q7 T ∗ (kj)- M/ +M 2ti2M/ 7m`i?2` BMiQ i?2 bmT2`+QM/m+iBM; T?b2
M/ i?2 Qp2`/QT2/ T`i Q7 i?2 T?b2 /B;`KX h?2`2 Bb +m``2MiHv MQ +QMb2Mbmb QM r?2i?2` Q` ?Qr
i?2 Tb2m/Q;T T?b2 BMi2`+ib rBi? i?2 bmT2`+QM/m+iBM; T?b2 +`Qbb i?2 2MiB`2 +mT`i2 7KBHv-
Hi?Qm;? Bi ?b #22M r2HH +?`+i2`Bx2/ BM "B@kkyR (k9)X h?2 Mim`2 M/ Q`B;BM Q7 i?Bb T?b2 ?p2
#22M 2ti2MbBp2Hv bim/B2/ 7Q` i?2 Tbi ky v2`b- M/ ?QT27mHHv-  #2ii2` mM/2`biM/BM; Q7 i?2 Tb2m@
/Q;T T?b2 rBHH HHQr 7Q`  KQ`2 +H2` mM/2`biM/BM; Q7 i?2 bmT2`+QM/m+iBM; K2+?MBbK BM i?2
+mT`i2bX
RXj .Bbb2`iiBQM ai`m+im`2
h?2 }2H/ Q7 +QM/2Mb2/ Kii2` T?vbB+b Bb `B+? rBi? MQp2H 2H2+i`QMB+ bvbi2Kb- bm+? b iQTQHQ;B+H
BMbmHiQ`b M/ +mT`i2 bmT2`+QM/m+iQ`b- i?i `2 K2M#H2 iQ HQ+H bT2+i`Qb+QTB+ bim/B2bX AM +QM@
i`bi iQ #mHF T`Q#2b- b+MMBM; imMM2HBM; bT2+i`Qb+QTv UahaV Bb r2HH bmBi2/ iQ mM/2`biM/BM; 2H2+@
i`QMB+ BMi2`+iBQMb QM i?2 MMQb+H2- r?B+? KF2b aha B/2H 7Q` Q#b2`pBM; bi`QM;Hv +Q``2Hi2/
bT2+i`H ;Tb- [mbBT`iB+H2 b+ii2`BM; T`Q+2bb2b- MMQb+H2 +?`;2 Q`/2`- M/ bm#@M;bi`QK #`Q@
F2M bvKK2i`B2bX AM i?Bb i?2bBb- A rBHH /Bb+mbb 2tT2`BK2Mib A ?p2 +QM/m+i2/ mbBM; b+MMBM; imMM2H@
BM; KB+`Qb+QTv M/ bT2+i`Qb+QTv QM iQTQHQ;B+H BMbmHiQ`b M/ i?2 "B@#b2/ +mT`i2 bmT2`+QM/m+@
iQ`bX












6B;m`2 RXd, S?b2 /B;`K Q7 ?QH2@/QT2/ +mT`i2bX i HQr /QTBM; p- i?2 +mT`i2b `2 MiB72``Q@
K;M2iB+ BMbmHiQ`b U6AV- mTQM /QTBM;- i HQr T - i?2 +mT`i2b 2Mi2` i?2 /@rp2 bmT2`+QM/m+iBM; bii2
U/@a*VX PM i?2 mM/2`/QT2/ bB/2 Q7 i?2 T?b2 /B;`K p ∼< 0.16- i i2KT2`im`2b #Qp2 Tc- i?2 bvbi2K
2Mi2`b i?2 Tb2m/Q;T T?b2- r?B+? ?b M QMb2i i2KT2`im`2 Q7 T ∗X 6B;m`2 /Ti2/ 7`QK _27X (k8)X
/2iBHb QM i?2 2tT2`BK2MiH TT`imb M/ /2p2HQT i?2 7Q`KHBbK 7Q` /Bz2`2MiBH imMM2HBM; bT2+@
i`Qb+QTvX
AM *?Ti2` j- A /2b+`B#2 2tT2`BK2Mib T2`7Q`K2/ QM i?2 Tm`TQ`i2/ iQTQHQ;B+H EQM/Q BMbmHiQ`-
aK"6- T`2/B+i2/ iQ ?p2 iQTQHQ;B+H bm`7+2 bii2b i?i bTM  bi`QM;Hv +Q``2Hi2/ ?v#`B/BxiBQM
;T (ke)X
AM *?Ti2` 9- A /2b+`B#2 2tT2`BK2Mib T2`7Q`K2/ QM "B2−x62xa23- r?2`2 A BK;2/ [mbBT`iB+H2
b+ii2`BM; T`Q+2bb2b Q7 i?2 iQTQHQ;B+H bm`7+2 bii2b M/ i`BpBH k. [mMimK r2HH bii2b (kd)X
AM *?Ti2` 8- A /2b+`B#2 2tT2`BK2Mib T2`7Q`K2/ QM mM/2`/QT2/ "B2a`2−xGx*mP6+δ- r?2`2 A
7QmM/  bm`7+2 +?`;2 Q`/2`2/ bii2 i?i ;`22/ rBi?  #mHF +?`;2 Q`/2`2/ bii2- T`QpB/BM; i?2
}`bi +QM}`KiBQM Q7 #mHF M/ bm`7+2 +?`;2 Q`/2` BM i?2 +mT`i2b (k3)X
AM *?Ti2` e- A /2b+`B#2 2tT2`BK2Mib T2`7Q`K2/ QM S#@/QT2/ "B@kkyR- r?2`2 r2 BMp2biB;i2/





h?Bb +?Ti2` /2b+`B#2b i?2 T`BM+BTH 2tT2`BK2MiH i2+?MB[m2b mb2/ BM i?Bb i?2bBb- b+MMBM; imMM2H@
BM; KB+`Qb+QTv M/ bT2+i`Qb+QTvX q2 bi`i #v /Bb+mbbBM; i?2 i?2Q`v Q7 2H2+i`QM imMM2HBM;X q2
7QHHQr mT rBi?  /2b+`BTiBQM Q7 i?2 KBM 2tT2`BK2MiH TT`imb-  ?QK2@#mBHi b+MMBM; imM@
M2HBM; KB+`Qb+QT2 UahJV #mBHi BM i?2 >QzKM G# i >`p`/ lMBp2`bBivX h?2 }MH b2+iBQM /2@

















6B;m`2 kXR, S`BM+BTH2b Q7 imMM2HBM; #2ir22M  ahJ iBT M/  bKTH2X UV AHHmbi`iBQM Q7 i?2 iBT@
bKTH2 imMM2HBM; T`Q+2bbX  pQHi;2 V Bb TTHB2/ #2ir22M M iQKB+HHv b?`T ahJ iBT M/ i?2 bKTH2-
M/ `2bmHib BM  imMM2HBM; +m``2Mi IX U#V AHHmbi`iBQM Q7 i?2 imMM2HBM; T`Q+2bb 7`QK  bT2+i`Qb+QTB+ TQBMi Q7
pB2rX h?2 Q++mTB2/ bii2b Q7 i?2 bKTH2 M/ iBT `2 b?QrM BM `2/ M/ ;`22M `2bT2+iBp2Hv- Qzb2i BM 2M2`;v
#v eV #2+mb2 Q7 M TTHB2/ pQHi;2 V X φ `2T`2b2Mib i?2 `2bT2+iBp2 rQ`F 7mM+iBQMb Q7 i?2 bKTH2 M/ iBT-
∆z `2T`2b2Mib i?2 bTiBH b2T`iBQM #2ir22M i?2 iBT M/ bKTH2X
kXR h?2Q`v Q7 1H2+i`QM hmMM2HBM;
a+MMBM; imMM2HBM; KB+`Qb+QTv `2HB2b QM i?2 T`BM+BTH2 Q7 2H2+i`QM imMM2HBM;X AM Qm` +b2- r2 +QM@
bB/2` M iQKB+HHv b?`T SiA` rB`2- +HH2/ Qm` ahJ iBT- r?B+? Bb TH+2/ rBi?BM M;bi`QKb Q7 
bKTH2X  b+?2KiB+ Q7 i?Bb bBimiBQM Bb b?QrM BM 6B;X kXRX A7 r2 TTHv  pQHi;2 iQ i?2 bKTH2-
2p2M B7 i?2 2H2+i`QM /Q2b MQi ?p2 bm{+B2Mi 2M2`;v iQ H2p2 i?2 iBT M/ 2Mi2` i?2 bKTH2- i?2`2
Bb  MQM@x2`Q T`Q##BHBiv i?i i?2 2H2+i`QM rBHH bTQMiM2QmbHv DmKT- Q` ǳimMM2HǴ- #2ir22M i?2
iBT M/ i?2 bm`7+2 UQ` pB+2 p2`bVX h?Bb T`Q+2bb Bb 7Q`#B//2M +HbbB+HHv- M/ Bb  7mM/K2MiHHv
[mMimK T?2MQK2MQMX  b+MMBM; imMM2HBM; KB+`Qb+QT2 UahJV K2bm`2b i?2 `2bmHiBM; 2H2+i`QM
imMM2HBM; +m``2Mi i /Bz2`2Mi HQ+iBQMb Q7 i?2 bKTH2- r?B+? +`2i2b  bTiBH KT Q7 i?2 2H2+@
i`QMB+ T`QT2`iB2b Q7 i?2 bKTH2X
Rj
kXRXR hQv JQ/2H BM PM2 .BK2MbBQM
h?2 bBKTH2bi +b2 Q7 imMM2HBM; Q++m`b 7Q`  T`iB+H2 BM QM2 /BK2MbBQMX *QMbB/2` M 2H2+i`QM rBi?
2M2`;v E i?i Bb BM+B/2Mi QM  TQi2MiBH #``B2`,
V (z) =

V0 B7 L > z > 0
0 2Hb2
UkXRV
A7 V0 > E- i?2 bQHmiBQMb iQ i?2 a+?`Q/BM;2` 2[miBQM 7Q` i?2 rp27mM+iBQM BM i?2 #``B2` `2;BQM
L > z > 0 ?p2 i?2 7Q`K,
ψ(z) ∝ exp(−κz) UkXkV
r?2`2 κ = √2m(V0 − E)/!- m Bb i?2 Kbb Q7 i?2 2H2+i`QM- M/ 1/κ Bb i?2 H2M;i?b+H2 Q7 i?2 TQ@
i2MiBH #``B2` i r?B+? imMM2HBM; +M Q++m`X AM ivTB+H 2tT2`BK2Mib- i?2 p+mmK TQi2MiBH #`@
`B2` Bb i?2 2M2`;v iQ `2KQp2 M 2H2+i`QM 7`QK i?2 Ki2`BH- FMQrM b i?2 rQ`F 7mM+iBQM- M/ Bb
ivTB+HHv ∼ 3− 5 2oX h?Bb `2bmHib BM  imMM2HBM; H2M;i? b+H2 Q7 κ−1 ∼ ³X "2+mb2 i?2 T`Q##BHBiv
i?i M 2H2+i`QM rBHH i`p2`b2 i?2 TQi2MiBH #``B2` Bb ∼ |ψ(z = L)|2 ∝ exp(−2κL)- i?2 rB/i? Q7
i?2 TQi2MiBH #``B2` Kmbi #2 TT`QtBKi2Hv L ∼ κ−1 7Q` 2H2+i`QMb iQ imMM2H +`Qbb i?2 #``B2`X
h?Bb H2/b iQ i?2 +QMbi`BMi i?i i?2 ahJ iBT Kmbi #2 rBi?BM M;bi`QKb Q7 i?2 bm`7+2 iQ K2@
bm`2  imMM2HBM; +m``2MiX 6m`i?2`KQ`2- i?2 2tTQM2MiBH /2T2M/2M+2 Q7 i?2 imMM2HBM; T`Q##BHBiv
K2Mb i?i B7 κ−1 ∼ 1 ³Ub Bb ivTB+HV- 7Q`  R ³ +?M;2 BM ∆z i?2 imMM2HBM; T`Q##BHBiv BM+`2b2b
#v M Q`/2` Q7 K;MBim/2X h?2 2tTQM2MiBH /2T2M/2M+2 Q7 i?2 imMM2HBM; T`Q##BHBiv QM i?2 b2T@
`iBQM #2ir22M i?2 iBT M/ i?2 bKTH2 HHQrb i?2 ahJ iQ ?p2 bm+? }M2 +QMi`QH Qp2` i?2 TQbBiBQM
Q7 i?2 iBTX
kXRXk .2`BpiBQM Q7 i?2 hmMM2HBM; *m``2Mi
qBi? i?2 T`2pBQmb BMimBiBQM- H2i mb KQp2 QM iQ 7Q`KHHv 2pHmiBM; i?2 imMM2HBM; +m``2Mi 7`QK i?2
bKTH2 iQ Qm` iBT r?2M r2 TTHv  M2;iBp2 #Bb −V iQ i?2 bKTH2 r?BH2 ?QH/BM; Qm` iBT i pB`@
imH ;`QmM/X h?Bb bBimiBQM Bb BHHmbi`i2/ BM 6B;X kXR#X h?2 M2;iBp2 #Bb QM i?2 bKTH2 2z2+iBp2Hv
R9
`Bb2b i?2 62`KB H2p2H Q7 i?2 bKTH2 #v +eV `2HiBp2 iQ i?2 62`KB H2p2H Q7 i?2 iBTX "2+mb2 i?2 Q+@
+mTB2/ bii2b Q7 i?2 bKTH2 `2 ?B;?2` BM 2M2`;v i?M i?i Q7 i?2 iBT- +m``2Mi rBHH ~Qr 7`QK i?2
bKTH2 iQ i?2 iBTX h?2 T`Q##BHBiv i?i M 2H2+i`QM Q7 2M2`;v E U`2HiBp2 iQ i?2 `2bT2+iBp2 62`KB




2 ·N}HH2/s (E)N 2KTivt (E + eV ) UkXjV
r?2`2 N}HH2/s M/ N 2KTivt `2 i?2 MmK#2` Q7 }HH2/ bii2b BM i?2 bKTH2- M/ i?2 MmK#2` Q7 2KTiv
bii2b BM i?2 iBT- `2bT2+iBp2Hv- M/ M Bb i?2 imMM2HBM; Ki`Bt 2H2K2MiX A7 r2 mb2  qE" TT`QtB@
KiBQM iQ i?2 imMM2HBM; Ki`Bt 2H2K2Mi- i?2M,
|M |2 ≈ exp(−2κ∆z) UkX9V
r?2`2 ∆z Bb i?2 /BbiM+2 #2ir22M i?2 iBT M/ i?2 bKTH2- κ = (2mφ¯)1/2/! Bb i?2 HQ+H #``B2`
?2B;?i BM i2`Kb Q7 i?2 Kbb Q7 i?2 2H2+i`QM m- φ¯ = (φs + φt)/2 Bb i?2 p2`;2 rQ`F 7mM+iBQM ;Bp2M
BM i2`Kb Q7 φs M/ φt- i?2 bKTH2 M/ iBT rQ`F 7mM+iBQMb `2bT2+iBp2HvX h?Bb imMM2HBM; Ki`Bt 2H2@
K2Mi Bb MHQ;Qmb iQ i?2 2tTQM2MiBH /2T2M/2M+2 Q7 i?2 rp2 7mM+iBQM bQHmiBQMb BM QM2 /BK2MbBQM
/Bb+mbb2/ 2`HB2` BM 1[MX kXkX N}HH2/s (E) M/ N 2KTivt (E) /2T2M/b QM i?2 /2MbBiv Q7 bii2b BM i?2 iBT
Q` bKTH2- M/ i?2 62`KB@.B`+ /Bbi`B#miBQM- M/ Bb ;Bp2M #v,
N}HH2/s (E) = ρs(E)f(E), UkX8V
N 2KTivt (E + eV ) = ρt(E + eV )(1− f(E + eV )) UkXeV
r?2`2 ρs M/ ρt `2 i?2 bKTH2 M/ iBT /2MbBiv Q7 bii2b `2bT2+iBp2Hv- M/ f(E) Bb i?2 62`KB@
.B`+ /Bbi`B#miBQM i i2KT2`im`2 T - ;Bp2M #v,
f(E) =
1
1 + exp(E/kBT )
. UkXdV
R8
h?2 iQiH imMM2HBM; +m``2Mi 7`QK bKTH2 iQ iBT UIs→tV Bb i?2M iF2M #v bmKKBM; Qp2` HH 2M2`;v
bii2b UBM+Hm/BM; bTBM /2;2M2`+vV- M/ BM+Hm/BM; i?2 +?`;2 Q7 i?2 2H2+i`QM- M/ MQiBM; i?i mM@
/2` KQbi `2HBbiB+ bbmKTiBQMb- i?2 Ki`Bt 2H2K2Mi Bb BM/2T2M/2Mi Q7 2M2`;v (kN)X




(ρs(E)f(E)) · (ρt(E + eV )(1− f(E + eV ))dE UkX3V
"v  bBKBH` MHvbBb i?2 +m``2Mi 7`QK i?2 iBT iQ i?2 bKTH2 ?b i?2 7Q`K,




(ρt(E + eV )f(E + eV )) · (ρs(E)(1− f(E))dE UkXNV








ρs(E)ρt(E + eV ) · {f(E)[1− f(E + eV ]− [1− f(E)]f(E + eV )}dE UkXRyV
h?2 imMM2HBM; +m``2Mi BM i?2 7Q`K Q7 1[MX kXRy +M #2 7m`i?2` bBKTHB}2/ B7 i?2 bKTH2 M/ iBT
`2 i HQr i2KT2`im`2bX i T = 4.2 E- i?2 rB/i? Q7 i?2 62`KB 7mM+iBQM Bb ∼ kBT = 0.36 K2o-
M/ i?2`27Q`2 QM 2M2`;v b+H2b H`;2` i?M kBT - f(E) Bb 2z2+iBp2Hv  bi2T 7mM+iBQM +2Mi2`2/ i
EF X AM i?2 2tT2`BK2Mib /2b+`B#2/ BM i?Bb i?2bBb- i?2 2tT2`BK2MiH 2M2`;v `2bQHmiBQM rb Q7i2M ≥ 1
KoX h?2 `2bmHi Bb i?i i?2 BMi2;`H-
∫ +∞
−∞




h?Bb bBKTHB}2b 1[MX kXRy iQ,




ρs(E)ρt(E + eV )dE UkXRRV
A7 r2 +?QQb2  iBT rBi?  ~i /2MbBiv Q7 bii2b M2` i?2 62`KB 2M2`;v- M/ `2HiBp2 iQ i?2 2M2`;v
b+H2b iQ #2 bim/B2/- i?2M ρt(E + eV ) Bb +QMbiMi BM i?2 2M2`;v `M;2 [EF − eV : EF ]- M/ +M #2
Re
iF2M Qmi Q7 i?2 BMi2;`H M/ bQ,






Ur?2`2 r2 ?p2 HbQ /`QTT2/ i?2 bB;M M/ `2 K2bm`BM; i?2 K;MBim/2 Q7 i?2 +m``2MiVX hQ;2i?2`
i?Bb TT`QtBKi2b i?2 imMM2HBM; +m``2Mi b-






r?2`2 I0 = 4pie! ρt Bb  +QMbiMi i?i ?b mMBib Q7 +m``2MiX h?2 2tT`2bbBQM Q7 i?2 imMM2HBM; +m``2Mi
BM 1[MX kXRj Bb KQbi +QKKQMHv mb2/ iQ 2tTHBM ahJ imMM2HBM;X Ai `2Hi2b I 2tTQM2MiBHHv iQ i?2
iBT@bKTH2 b2T`iBQM- M/ iQ i?2 BMi2;`i2/ bT2+i`H r2B;?i Q7 i?2 bKTH2 7`QK EF iQ EF − eV X
6m`i?2`KQ`2- I Bb QMHv bB;MB}+Mi r?2M r?2M κ∆z ∼ 1- BKTHvBM; i?i 7Q` φ¯ ∼ 2o- i?2 iBT Kmbi #2
rBi?BM M;bi`QKb Q7 i?2 bm`7+2X
kXk h?2 a+MMBM; hmMM2HBM; JB+`Qb+QT2
a+MMBM; imMM2HBM; KB+`Qb+QTv- }`bi /2p2HQT2/ #v "BMMB; M/ _Q?`2` BM RN3k (jy)- Bb i?2 ?2`i Q7
i?2 2tT2`BK2MiH TT`imb mb2/ BM i?Bb i?2bBbX "2+mb2 Q7 i?2 b2MbBiBpBiv Q7 I iQ /BbTH+2K2Mib
Q7 mT iQ M M;bi`QK- i?2 ahJ Kmbi ?p2 bTiBH TQbBiBQMBM; QM  bm#@M;bi`QK H2M;i? b+H2X
6m`i?2`KQ`2- i?2 ahJ mb2/ ?2`2 rb QTiBKBx2/ BM bBx2 M/ /2bB;M 7Q` QT2`iBQMb i HQr i2KT2`@
im`2 M/ ?B;? K;M2iB+ }2H/- r?B+? rb M2+2bb`v iQ T`Q#2 iQTQHQ;B+H Ki2`BHb M/ +mT`i2
bmT2`+QM/m+iQ`bX
kXkXR S`BM+BTH2b Q7 ahJ PT2`iBQM
M BHHmbi`iBQM Q7 i?2 #bB+ +QMbi`m+iBQM Q7 M ahJ Bb b?QrM BM 6B;X kXkX h?2 iBT Bb  K2+?MB@
+HHv +mi SiA` rB`2 i?i Bb KQmMi2/ QM iQT Q7  TB2xQ2H2+i`B+ im#2X h?2 TB2xQ2H2+i`B+ im#2 ?b }p2
[m/`Mib U±X- ±Y - ZV- M/ mTQM TTHB+iBQM Q7  pQHi;2 iQ Mv Q7 i?2 [m/`Mib- i?2 TB2xQ
im#2 /2~2+ib BM i?2 ;Bp2M /B`2+iBQMX h?2 imMM2HBM; +m``2Mi I Bb K2bm`2/ mTQM TTHB+iBQM Q7 
Rd
pQHi;2 Vs #2ir22M i?2 iBT M/ i?2 bKTH2X "v `KTBM; i?2 pQHi;2 QM i?2 U±X- ±Y V TB2xQb-
i?2 iBT /2~2+ib iQ  /Bz2`2Mi T`i Q7 i?2 bKTH2 bm`7+2- HHQrBM; i?2 ahJ iQ K2bm`2 2H2+i`B+H
T`QT2`iB2b i /Bz2`2Mi HQ+iBQMbX "2+mb2 i?2 imMM2HBM; +m``2Mi Bb 2tTQM2MiBHHv /2T2M/2Mi QM i?2
b2T`iBQM #2ir22M i?2 iBT M/ i?2 bKTH2- ∆z- i?2 pQHi;2 QM i?2 Z [m/`Mi VZ - 2z2+iBp2Hv
+QMi`QHb IX "v BM+`2bBM; i?2 pQHi;2 QM Z- i?2 iBT 2ti2M/b- `2/m+BM; ∆z M/ 2tTQM2MiBHHv BM@
+`2bBM; IX GBF2rBb2- #v /2+`2bBM; i?2 pQHi;2 QM Z- ∆z BM+`2b2b- 2tTQM2MiBHHv /2+`2bBM; IX
hQ KBMiBM +QMbiMi ǵ+QMi+iǶ rBi? i?2 bm`7+2- r2 2KTHQv  +QKTmi2`Bx2/ 722/#+F HQQT- +HH2/
ǳ722/#+F KQ/2Ǵ- iQ KBMiBM  +QMbiMi imMM2HBM; +m``2MiX AM 722/#+F KQ/2 i  }t2/ pQHi@
;2 b2iTQBMi Vs- I Bb +QKT`2/ iQ  }t2/ +m``2Mi b2iTQBMi Is- M/ i?2 722/#+F HQQT p`B2b VZ iQ
KBMBKBx2 |I − Is|X AM 722/#+F KQ/2- ∆z /2T2M/b QM Vs M/ Is- #mi Bb Q7i2M +?`+i2`Bx2/ #v i?2
T`K2i2` Vs/Is- +HH2/ i?2 DmM+iBQM `2bBbiM+2 RJ X h?2 DmM+iBQM `2bBbiM+2 Bb `Qm;?Hv BMi2`T`2i2/
iQ `2T`2b2Mi ∆z #2+mb2 7Q`  ;Bp2M Vs- ∆z Bb H`;2` 7Q` ?B;? RJ - M/ ∆z Bb HQr2` 7Q` bKHH RJ X
RJ Bb ivTB+HHv ≥ 1 :Ω 7Q` Vs `M;BM; 7`QK Ryy Ko iQ R oX 6Q` bm{+B2MiHv ?B;? RJ r?2M i?2
ahJ Bb b+MMBM; BM 722/#+F KQ/2- B7 i?2 ahJ KQp2b Qp2`  H`;2 BKTm`Biv i?2 +QKTmi2` rBHH
TmHH i?2 iBT rv 7`QK i?2 bm`7+2- T`2p2MiBM; i?2 iBT 7`QK +`b?BM; BMiQ i?2 bm`7+2X 622/#+F
KQ/2 Bb i?2`27Q`2  +QKTmi2`Bx2/ K2+?MBbK iQ +QMi`QH i?2 ahJ iBT M/ T`2p2Mi mMrMi2/ iBT
+`b?2b #v Hrvb TQbBiBQMBM; i?2 iBT `2HiBp2 iQ i?2 bKTH2X
h?2 ahJ ?2/- b?QrM BM 6B;X kXk#- Bb ?Qmb2/ i i?2 #QiiQK Q7  HQr i2KT2`im`2- HQr pB#`@
iBQM +`vQbii i?i Bb #i?2/ BM HB[mB/ ?2HBmKX h?2 rHHb Q7 i?2 +`vQbii `2 BM +QMi+i rBi? HB[mB/
?2HBmK i T = 4.2 E- 2Mbm`BM; M 2t+2HH2Mi p+mmK BMbB/2 i?2 +`vQbiiX h?2 +`vQbii Bb BMb2`i2/
BMiQ i?2 #Q`2 Q7  H`;2 bmT2`+QM/m+iBM; K;M2i- i?i Bb +T#H2 Q7 `2+?BM; K;M2iB+ }2H/b Q7
N h T2`T2M/B+mH` iQ i?2 bKTH2 bm`7+2X h?2 bKTH2b i?i `2 bim/B2/ `2 #mHF bBM;H2 +`vbiHb-
ivTB+HHv ∼ 1 − 2 KK BM H2M;i? M/ rB/i?- ;Hm2/ iQ  +QTT2` bKTH2 ?QH/2` iQ r?B+? r2 TTHv 
#Bb r?BH2 ?QH/BM; i?2 iBT i pB`imH ;`QmM/X h?2 bKTH2b `2 +H2p2/ BM bBim BMbB/2 i?2 +`vQbii-
i ∼ jy @ 8y E- M/ `2 BKK2/Bi2Hv BMb2`i2/ BMiQ i?2 ahJX h?2 +H2p2 2tTQb2b  7`2b? Hv2` Q7
i?2 bKTH2 i?i Bb mM+QMiKBMi2/- M/ i?2 +`vQ;2MB+ p+mmK 2Mbm`2b i?2 +H2MHBM2bb Q7 i?2 bm`@
7+2 QM KQMi?@HQM; iBK2 b+H2bX h?2 mb2 Q7 HB[mB/ ?2HBmK HHQrb mb iQ ?p2  #b2 i2KT2`im`2












6B;m`2 kXk, h?2 a+MMBM; hmMM2HBM; JB+`Qb+QT2X UV a+?2KiB+ Q7 i?2 QT2`iBQM Q7  b+MMBM;
imMM2HBM; KB+`Qb+QT2 BM 722/#+F QT2`iBQMX h?2 iBT Bb KQmMi2/ iQ  TB2xQ2H2+i`B+ im#2 rBi? [m/`Mib
U±X- ±Y - ZVX oQHi;2 Vs Bb TTHB2/ iQ i?2 bKTH2- ∆z Bb i?2 b2T`iBQM #2ir22M i?2 iBT M/ i?2 bKTH2-
i?2 imMM2HBM; +m``2Mi I Bb K2bm`2/ 7`QK i?2 iBT- M/ `2Hi2/ iQ i?2 b2iTQBMi +m``2Mi Is BM  722/#+F HQQT
QM i?2 Z TB2xQX U#V SB+im`2 Q7 i?2 ahJ ?2/X h?2 iBT M/ bKTH2 `2 BM/B+i2/ rBi? ``Qrb M/ `2 BM
i?2 bK2 Q`B2MiiBQM b i?2 iBT M/ bKTH2 BM UVX 6Q` b+H2- i?2 ahJ ?2/ Bb TT`QtBKi2Hv kX8 BM+?2b BM
/BK2i2`X
i?2 TQi M/ +M #`BM; Qm` #b2 i2KT2`im`2 /QrM iQ T ∼ 2.2 EX >2i +M #2 TTHB2/ iQ  H2M;i?
Q7 rQmM/ rB`2 `QmM/ i?2 #b2 Q7 i?2 ahJ ?2/- r?B+? HHQrb i?2 ahJ i2KT2`im`2 iQ `2+?
8y EX h?2`27Q`2 i?2 7mHH QT2`iBM; `M;2 Q7 Qm` p`B#H2 i2KT2`im`2 ahJ Bb k @ 8y EX 6mHH /2@
iBHb #Qmi i?2 /2bB;M Q7 i?Bb ahJ `2 /2iBH2/ BM .`X uB uBMǶb S?X.X h?2bBb (jR)- M/ //BiBQMH
mT;`/2b r2`2 /Q+mK2Mi2/ #v .`X MDM aQmKvM`vMMX
kXkXk RE *TBHH`v lT;`/2
AM i?2 bmKK2` Q7 kyRy- 72HHQr ;`/mi2 bim/2Mib h2bb qBHHBKb- MDM aQmKvM`vMM M/ A
2K#`F2/ QM  KDQ` mT;`/2 Q7 i?2 +`vQbii i?i rb /2bB;M2/ #v .`X uBMX h?2 KBM Tm`TQb2b
Q7 i?2 mT;`/2 r2`2 iQ THm;  MmK#2` Q7 H2Fv bQ7i@bQH/2` DQBMib QM i?2 +`vQbii ~M;2 /B`2+iHv BM
+QMi+i rBi? i?2 HB[mB/ ?2HBmK #i?- M/ iQ `2rB`2 i?2 .* rB`2b Q7 i?2 bvbi2KX 6B;m`2 kXj b?Qrb
 TB+im`2 Q7 i?2 KB//H2 Q7 i?2 +`vQbii- rBi? i?2 M2r .* rB`2b BM/B+i2/X h?2 rB`2b `2 b?2i?2/
BM  #`B/ M/ BMb2`i2/ i?`Qm;? i?2 p+mmK HBM2 i?i TmKTb QM i?2 KBM p+mmK bT+2X i 2+?











6B;m`2 kXj, *`vQbii lT;`/2bX UV oB2r Q7 i?2 KB//H2 Q7 i?2 +`vQbii HQQFBM; mT 7`QK i?2 ahJ
?2/X L2r .* rB`2 #`B/b `2 b?QrM T`Qi`m/BM; Qmi Q7 i?2 KBM p+mmK HBM2- M/ `2 i?2`KHBx2/ i
/Bz2`2Mi bi;2b iQ i?2 +`vQbiiX h?2 RE SQi +TBHH`v Bb bQH/2`2/ iQ  i?2`KHBxiBQM TQbi M/ T`2bb2/
;BMbi i?2 RE ~M;2X U#V *QMbi`m+iBQM Q7 i?2 RE *TBHH`v M/ SQiX h?2 RE SQi bBT?QM 2ti2M/b BMiQ
i?2 ?2HBmK #i? M/ bm+Fb BM ?2HBmK HQM; i?2 ``Qrb b?QrMX h?2 +TBHH`v Bb HQQb2Hv rQmM/ `QmM/ i?2
?2i brBi+? TmKTBM; HBM2b #27Q`2 #2BM; i?2`KHHv bmMF iQ i?2 TQbi b?QrM BM UVX 7i2` i?2`KHBxiBQM- i?2
+TBHH`v Bb i?`2/2/ BMiQ i?2 RE SQiX
i?2 i?2`KHBxiBQM bi;2X
PM2 KDQ` mT;`/2 BMpQHp2/ `2TB`BM; i?2 /K;2 /QM2 iQ i?2 RE SQi- r?B+? ?/ #2+QK2
+HQ;;2/ rBi? QBH i?i ?/ #22M #+F@bi`2K2/ 7`QK M QBH@TmKTX b +M #2 b22M BM 6B;X kXj#- 
i?BM +TBHH`v bm+Fb BM HB[mB/ ?2HBmK 7`QK i?2 #i?- M/ TQQHb i?2 HB[mB/ /B`2+iHv BM i?2 RE SQiX
"v TmKTBM; QM i?2 SQi- i?2 i2KT2`im`2 Q7 i?2 ?2HBmK Bb `2/m+2/ M/ Bi +QQHb i?2 ahJ iQ kXk
EX >Qr2p2`- iQ KBMiBM  +QMbiMi i2KT2`im`2- i?2 HB[mB/ ?2HBmK BM i?2 TQi Kmbi #2 +QMiBMm@
QmbHv `2TH2MBb?2/- M/ bQ  +`27mH #HM+2 #2ir22M i?2 BMTmi M/ QmiTmi Q7 i?2 ?2HBmK BMiQ i?2
TQi Bb `2[mB`2/X q?BH2 bQK2 bvbi2Kb mb2  M22/H2 pHp2 iQ +QMi`QH i?2 ~Qr Q7 ?2HBmK BMiQ i?2 TQi-
i?`Qm;? +QMbmHiiBQMb rBi? .`X CQM >QzKMM r2 +?Qb2 iQ mb2  }t2/ ~Qr BKT2/M+2 #2ir22M
i?2 ?2HBmK #i? M/ i?2 RE SQiX h?2 BKT2/M+2 +QK2b KBMHv 7`QK +?QFBM; i?2 ~Qr Q7 ?2HBmK
ky
7`QK i?2 #i? iQ i?2 TQi i?`Qm;?  HQM; M``Qr +TBHH`vX q2 2M/2/ mT mbBM; Rk 722i Q7 yXRKK
A.- yXjKK P.- *mLB +TBHH`v Uǳ;2`KM bBHp2`Ǵ- *mLB18wM20- Q` *m ekW- LB R3W- wM kyWV Tm`@
+?b2/ 7`QK :oG *`vQ2M;BM22`BM; BM :2`KMvX Ai Bb BKTQ`iMi iQ 2Mbm`2 i?i i?2 HB[mB/ ?2HBmK
Bb bmT2`~mB/ #27Q`2 Bi 2Mi2`b i?2 RE SQi iQ `2/m+2 K2+?MB+H pB#`iBQMb i?i +QmH/ `mBM i?2 QT@
2`iBQMb Q7 Qm` ahJ (jk- jj)X hQ i?i 2M/- r2 rQmM/ 8 722i Q7 i?2 *mLB +TBHH`v `QmM/  ;QH/
THi2/ *m TQbi i?i rb T`2bb2/ BMiQ i?2`KH +QMi+i ;BMbi i?2 i?2 +`vQbii- b b?QrM BM 6B;X
kXjX q2 bQH/2`2/ i?2 +TBHH`v iQ i?2 i?2`KHBxiBQM TQbi mbBM; `QbBM ~mt +iBpi2/ 2H2+i`B+H
bQH/2` U∼ NeX8W aM- jW ;V iQ +?B2p2  bi`QM; i?2`KH +QMM2+iBQMX hrQ 722i Q7 i?2 +TBHH`v
`2 mb2/ iQ +QMM2+i i?2 Qmi2` #i? iQ i?2 i?2`KHBxiBQM TQbi- M/ }p2 722i `2 mb2/ #2ir22M i?2
i?2`KHBxiBQM TQbi M/ i?2 RE SQiX h?2 RE SQi +TBHH`v rb bm++2bb7mHHv BMbiHH2/ M/ i2bi2/
BM i?2 bmKK2` Q7 kyRy- M/ HHQrb 7Q` +QMiBMmQmb QT2`iBQM 7Q` 9 /vb i kXk E- rBi? MQ MQiB+2@
#H2 K2+?MB+H pB#`iBQMbX h?2 i2KT2`im`2 Q7 i?2 RE SQi BKK2/Bi2Hv `2+?2b ∼ 1.2 E r?2M
i?2 SQi Bb BMBiBHHv TmKT2/ QM- #mi i?2 i2KT2`im`2 bim`i2b i kXk E 7i2` ∼ R8 KBMmi2b /m2 iQ
 i?2`KH b?Q`i 7`QK i?2 ahJ ?2/ iQ i?2 #i?X 6mim`2 BKT`Qp2K2Mib rBHH BMpQHp2 `2KQpBM; i?Bb
i?2`KH b?Q`i iQ 2M#H2  #b2 i2KT2`im`2 Q7 RXk EX
kXj J2bm`2K2Mi JQ/2b
AM Qm` ahJ- i?2 iBT Bb ?2H/ i pB`imH ;`QmM/ r?BH2  #Bb V Bb TTHB2/ iQ i?2 #+FbB/2 Q7 i?2
bKTH2X "v imMBM; i?2 pQHi;2 QM i?2 z@TB2xQ bQ i?i ∆z ∼ ³-  }MBi2 imMM2HBM; +m``2Mi rBHH `Bb2
#2ir22M i?2 iBT M/ i?2 bKTH2X "v }tBM; i?2 pQHi;2 iQ i?2 z@TB2xQ- r2 +QmH/ BM T`BM+BTH2 `bi2`
i?2 iBT +`Qbb i?2 bm`7+2 M/ K2bm`2 I("r, V )X >Qr2p2` i?Bb [mMiBiv Bb MQi T`iB+mH`Hv mb27mH-
b i?2 iBT bKTH2 b2T`iBQM ∆z = ∆z("r) rBHH p`v /2T2M/BM; QM i?2 +Q``m;iBQM Q7 i?2 bm`7+2-
M/ bQ i?2 2tTQM2MiBH T`27+iQ` BM 1[MX kXRj rBHH p`v HQ+HHvX AMbi2/- r2 T2`7Q`K  MmK#2` Q7







6B;m`2 kX9, hQTQ;`T?v mbBM; M ahJX hQTQ;`T?B+ BK;2 Q7 "B2a`2**m2P8+δ UmM/2`/QT2/- Tc =
68KV +[mB`2/ Qp2`  70× 70 MK2 `2;BQMX AMb2i Bb  K;MB}2/ BK;2 Q7  10× 10 MK2 `2;BQMX hQTQ;`T?v
rb +QM/m+i2/ i T = 8 E- Vs = −100 Ko- Is = 30 TX
kXjXR hQTQ;`T?v
q2 mb2 iQTQ;`T?v KQ/2 iQ KT Qmi i?2 bi`m+im`H bm`7+2 +Q``m;iBQMbX q?2M T2`7Q`KBM; iQ@
TQ;`T?v- r2 2M#H2 722/#+F i (Vs, Is) iQ }t i?2 imMM2HBM; +m``2Mi I("r, Vs) = Is- M/ `bi2`
i?2 iBT Qp2` i?2 bm`7+2X h?2 z@TQbBiBQM Q7 i?2 iBT i 2+? TQBMi BM  `2;BQM Q7 i?2 bm`7+2- z("r)-
/2}M2b  z@+QMiQm` Q7 +QMbiMi +m``2Mi- r?B+? r2 +HH i?2 ǳiQTQ;`T?B+ BK;2ǴX ai`B+iHv bT2F@
BM;- i?2 iQTQ;`T? Bb  +QMiQm` KT Q7 +QMbiMi +m``2Mi- M/ /Q2b MQi +Q``2bTQM/ iQ i?2 ǳbi`m+@
im`2Ǵ Q7 i?2 bm`7+2X >Qr2p2`- r2 ivTB+HHv iF2 i?2 iQTQ;`T? iQ #2 `2T`2b2MiiBp2 Q7 i?2 ǳbm`@




′)dV ′ ≈ +QMbiMi 7Q` HH "r UkXR9V
M/ I("r, Vs) = Is- ∆z("r) rBHH #2 +QMbiMi 7Q` HH "rX A7 i?2 bm`7+2 ?b bi`m+im`H +Q``m;iBQMb-
7Q` 2tKTH2 7`QK i?2 iQKB+ HiiB+2- i?2M z rBHH ?p2 iQ 2ti2M/ Q` `2i`+i iQ KBMiBM +QMbiMi
∆zX AM i?Bb +b2 i?2 +QMiQm` Q7 z- /2}M2/ b i?2 2ti2MbBQM M/ `2i`+iBQM Q7 z- /B`2+iHv KTb Qmi
i?2 ǳbm`7+2 bi`m+im`2Ǵ Q7 i?2 bKTH2X M 2tKTH2 Q7 M BK;2 +[mB`2/ BM iQTQ;`T?v KQ/2 Bb
b?QrM BM 6B;X kX9X
AM T`BM+BTH2 i?2 +QM/BiBQM BM 1[MX kXR9 Bb MQi bi`B+iHv i`m2 U#2+mb2 B7 Bi r2`2- i?2`2 HBF2Hv rQmH/
MQi #2 BMi2`2biBM; T?vbB+b5VX AM `2HBiv- iQTQ;`T?v K2bm`2b p`BiBQMb BM i?2 iBT bKTH2 b2T`@
kk











h?2 iBT bKTH2 b2T`iBQM rBHH p`v- BM //BiBQM iQ i?2 bm`7+2 +Q``m;iBQMb- #v i?2 p`BiBQM BM
i?2 BMi2;`i2/ /2MbBiv Q7 bii2b, ∫ 0−Vs ρs("r, eV ′)dV ′X M/ bQ bi`B+iHv bT2FBM;- i?2 +m``2Mi +QMiBMb
BM7Q`KiBQM T2`iBMBM; iQ i?2 BMi2;`i2/ bT2+i`H r2B;?i i 2+? HQ+iBQMX h?2`27Q`2 iQTQ;`T?B+
BK;2b rBHH Q7i2M Q#iBM BMi2;`i2/ bT2+i`Qb+QTB+ BM7Q`KiBQM- M/ +?QQbBM; Vs Bb F2v iQ Q#iBMBM;
M BK;2 i?i Bb `2T`2b2MiiBp2 Q7 i?2 bi`m+im`2 HQM2X
kXjXk hmMM2HBM; *QM/m+iM+2 aT2+i`Qb+QTv
h?2 iQTQ;`T?v Bb MQi p2`v mb27mH 7Q` Q#iBMBM; bT2+i`Qb+QTB+ BM7Q`KiBQM #Qmi i?2 bKTH2 /2M@
bBiv Q7 bii2b #2+mb2 Bi BMi2;`i2b BM 2M2`;vX AMbi2/- r2 T2`7Q`K /Bz2`2MiBH imMM2HBM; +QM/m+@
iM+2 bT2+i`Qb+QTv iQ K2bm`2 i?2 /2MbBiv Q7 bii2b Q7 i?2 bKTH2X
i  }t2/ TQbBiBQM "r- i?2 /2`BpiBp2 rBi? `2bT2+i iQ V Q7 I(V ) Bb U7`QK 1[MX kXRjV,
dI
dV
(V ) = [I0 exp(−2κ∆z)] · ρs(eV ) UkXReV
dI
dV
(V ) ∝ ρs(EF + eV ) UkXRdV
r?B+? /B`2+iHv K2bm`2b i?2 /2MbBiv Q7 bii2b i 2M2`;v eV `2HiBp2 iQ i?2 62`KB H2p2H UiQ M
Qp2`HH T`27+iQ` i?i r2 /Bb+mbb Hi2`VX hQ K2bm`2 dI/dV - BMbi2/ Q7 T2`7Q`KBM;  MmK2`B+H
/2`BpiBp2 Q7 I pb V - r?B+? `2[mB`2b ?B;? 2M2`;v `2bQHmiBQM iQ pQB/ 2``Q`b- r2 BMbi2/ mb2  biM@
/`/ HQ+FBM i2+?MB[m2X q2 TTHv M Qb+BHHiBQM 2t+BiiBQM iQ i?2 bKTH2 Q7 i?2 7Q`K Vac(t) =
dV cos(ft)- M/ mb2  HQ+FBM iQ K2bm`2 i?2 +m``2Mi `2bTQMb2 dI i 7`2[m2M+v f X h?2`27Q`2 #v
p`vBM; i?2 pQHi;2 V - M/ K2bm`BM; i?2 +m``2Mi `2bTQMb2 i 2+? pQHi;2 dI(V )- r2 `2 BM T`BM@
+BTH2 K2bm`BM; ρ(eV ) Ur2 i?2M b+H2 dI(V ) #v dVrms = dV/
√
2 iQ Q#iBM mMBib Q7 +QM/m+iM+2-
ivTB+HHv QM i?2 Q`/2` Q7 ∼ MaVX M 2tKTH2 Q7  ivTB+H dI/dV bT2+i`mK Bb b?QrM BM 6B;X kX8X
kj
















6B;m`2 kX8, hmMM2HBM; +QM/m+iM+2 bT2+i`Qb+QTv mbBM; M ahJX dI/dV bT2+i`mK +[mB`2/ QM
i?2 "B2a`2**m2P8+δ bm`7+2 b?QrM BM 6B;X kX9X aT2+i`mK +[mB`2/ i T = 6 E- Vs = −150 Ko- Is = 150
T- V`Kb = 3.5 Ko- BMi2;`iBQM iBK2 τ = 12 Kb- dVpix = 6 KoX
h?2 ivTB+H 2tT2`BK2MiH b2[m2M+2 Q7 dI/dV bT2+i`Qb+QTv +QMbBbib Q7 i?2 7QHHQrBM;X i Mv
;Bp2M TQbBiBQM- r2 }`bi }t i?2 z@TQbBiBQM Q7 i?2 iBT #v p`vBM; z BM 722/#+F i i?2 b2iTQBMi +QM@
/BiBQMb (Vs, Is)X h?2 +QKTmi2` 722/#+F +QMi`QH Bb i?2M /Bb#H2/ iQ HHQr mb iQ p`v V rBi?Qmi
+?M;BM; ∆zX q2 i?2M p`v V i?`Qm;?  b2`B2b Q7 /Bb+`2i2 pHm2b M/ K2bm`2 dI/dV i 2+? V
Qp2`  bT2+B}2/ BMi2;`iBQM T2`BQ/ τ X i i?2 2M/- 722/#+F KQ/2 Bb `2@2M#H2/ iQ }t (Vs, Is)X
h?2 +QMi`QHH#H2 T`K2i2`b iQ KtBKBx2 i?2 bB;MH iQ MQBb2 `iBQ `2 i?2 #Bb Qb+BHHiBQM K@
THBim/2 dV - i?2 b2iTQBMib (Vs, Is)- M/ i?2 BMi2;`iBQM T2`BQ/ τ X hvTB+HHv- RJ Bb +?Qb2M KQ`2 ;@
;`2bbBp2Hv i?M BM iQTQ;`T?v KQ/2 iQ `2/m+2 ∆z M/ BM+`2b2 i?2 bB;MHX h?Bb ?Qr2p2` Tmb?2b
i?2 iBT +HQb2` iQ i?2 bKTH2 M/ `BbFb i?2 bi#BHBiv Q7 i?2 iBT Q`  iBT +`b?X Hi2`MiBp2Hv- r2
+QmH/ BM+`2b2 i?2 #Bb Qb+BHHiBQM KTHBim/2 dV - r?B+? BMbi2/ b+`B}+2b 2M2`;v `2bQHmiBQM #v
bK2`BM; 72im`2b Qp2` M 2M2`;v b+H2 Q7 ∼ √2dV X GbiHv- r2 +QmH/ BM+`2b2 i?2 BMi2;`iBQM T2@
`BQ/ τ i 2+? #Bb X >Qr2p2`- i?Bb Hbi QTiBQM H2p2b i?2 iBT Qmi Q7 +QKTmi2` 722/#+F 7Q` HQM;2`
M/ `BbFb +`b?BM; i?2 iBTX  +QK#BMiBQM Q7 i?2 2tT2`BK2Mi2`Ƕb b2Mb2 Q7 /p2Mim`2- M/ b+B2M@
iB}+ `2[mB`2K2Mib ivTB+HHv /2i2`KBM2b r?i +QK#BMiBQM Q7 p`B#H2b rBHH #2 mb2/X h?2 7`2[m2M+v
mb2/ BM Qm` ahJ Bb +?Qb2M iQ #2 Qz@`2bQMM+2 7`QK Mv Qi?2` FMQrM 2t+BiiBQMb M/ Bb +?Qb2M iQ
k9
#2 1.115 F>xX hvTB+HHv r2 +?QQb2 ∼ 10 Qb+BHHiBQM KTHBim/2b b Qm` T2`BQ/ τ ≈ 10 − 20 KbX
RJ Bb ivTB+HHv +?Qb2M iQ #2 < 1 :Ω- 7Q`  Vs i?i Bb QmibB/2 Q7 i?2 `M;2 Q7 BMi2`2biX h?2 2M2`;v
TBt2H `2bQHmiBQM Bb mbmHHv /2i2`KBM2/ #v i?2 pBH#H2 2tT2`BK2MiH iBK2- M/ i?2 i?2`KH 2M2`;v
`2bQHmiBQM, dVpixel = (Vf − V i)/NE ≈ dVrms ≈ dVthermal- r?2`2 Vf M/ Vi `2 i?2 }MH M/ BMBiBH
pQHi;2b Q7 i?2 bT2+i`Qb+QTv pQHi;2 `M;2- NE Bb i?2 MmK#2` Q7 2M2`;v TBt2Hb- M/ dVthermal ∼
3.5kBT − 4kBT (j9)X h?2 K;MBim/2 Q7 i?2 i?2`KH #`Q/2MBM; i 9Xk E Bb ∼ 1.2 − 1.4 K2o-
M/ bQ i?2 2M2`;v `2bQHmiBQM Q7 i?2 dI/dV K2bm`2K2Mib- dE =
√





ivTB+HHv dE ∼ 2− 3 K2oX
kXjXj a+MMBM; hmMM2HBM; aT2+i`Qb+QTB+ JTb
*QK#BMBM; i?2 #BHBiv iQ KT bm`7+2 bi`m+im`2 BM iQTQ;`T?v- rBi? i?2 #BHBiv iQ T`Q#2 i?2 /2M@
bBiv Q7 bii2b HHQrb mb iQ T2`7Q`K b+MMBM; imMM2HBM; bT2+i`Qb+QTv UahaVX AM i?Bb KQ/2 Q7 QT@
2`iBQM r2 T2`7Q`K dI/dV bT2+i`Qb+QTv i 2p2`v TQBMi rBi?BM  TBt2H ;`B/ Qp2`  H`;2 }2H/ Q7
pB2rX h?2 `2bmHi Bb  i?`22 /BK2MbBQMH /ib2i, (x, y, eV )- r?B+? HHQrb mb iQ bTiBHHv pBbmHBx2
i?2 /2MbBiv Q7 bii2b Qb+BHHiBQMb i  ;Bp2M E- Q` K2bm`2 i?2 /2MbBiv Q7 bii2b i  ;Bp2M HQ+iBQM
(x, y) BM 2M2`;vX h?Bb QT2`iBQM KQ/2 Bb b+?2KiB+HHv `2T`2b2Mi2/ BM 6B;X kXeX
6mM+iBQMHHv- aha KTb `2 2tT2`BK2MiHHv +?HH2M;BM; iQ +[mB`2X  TBt2H ;`B/ Bb ivTB+HHv /2@
}M2/ Qp2`  `2;BQM Q7 bT+2 rBi?  `2bQHmiBQM i?i `M;2b 7`QK R TBt2H T2` iQK iQ mTr`/b Q7 8y
TBt2Hb T2` iQKX h?2 +QKTmi2` +QMi`QHb i?2 iBT M/ bi`ib #v KQpBM; iQ QM2 TBt2H BM 722/#+F-
Bi i?2M 2M;;2b 722/#+F iQ }t ∆z- +[mB`2b  dI/dV bT2+i`mK- `2@2M;;2b 722/#+F iQ }t ∆z-
KQp2b i?2 iBT iQ i?2 M2ti TBt2H- M/ i?2M `2T2ib i?2 T`Q+2/m`2X h?2 +?HH2M;2 Q7 +[mB`BM; i?2b2
/ib2ib HB2b BM 2Mbm`BM; i?i i?2 2tT2`BK2MiH +QM/BiBQMb Q7 i?2 bvbi2K `2KBM +QMbiMi Qp2` i?2
iBK2 `2[mB`2/ iQ +QKTH2i2  /ib2iX  ivTB+H /ib2i +M BMpQHp2 mT iQ 256 × 256 bTiBH TBt2Hb-
bT2+i` rBi? RyR 2M2`;v TBt2Hb- rBi?  Ry Kb BMi2;`iBQM T2`BQ/ i 2+? 2M2`;vX AM i?Bb +b2 i?2
`2[mB`2/ iBK2 Bb i H2bi- 256×256×101×10 Kb = 18 ?Qm`bX hQ 2Mbm`2 i?i i?2 /i iF2M i i?2
2M/ Q7 i?2 KT +M #2 +QKT`2/ iQ i?2 /i +[mB`2/ i i?2 #2;BMMBM;- HH 2tT2`BK2MiH T`K@






dI/dV (V = -42 mV)
dI/dV (nS)












6B;m`2 kXe, a+MMBM; imMM2HBM; bT2+i`Qb+QTv KTbX a+?2KiB+ `2T`2b2MiiBQM Q7 i?2 i?`22 /BK2M@
bBQMH /ib2i +[mB`2/ BM dI/dV bT2+i`Qb+QTv KTbX .i Bb +[mB`2/ BM  bTiBH TBt2H ;`B/ Ux, yV- M/
M 2M2`;v TBt2H tBb UV VX i }t2/ (x, y)- dI/dV (V ) Bb  TQBMi bT2+i`mK i?i Bb T`QTQ`iBQMH iQ i?2 HQ+H
/2MbBiv Q7 bii2bX i }t2/ V - dI/dV (x, y) Bb M BK;2 r?2`2 i?2 +QHQ` b+H2 `2T`2b2Mib i?2 dI/dV BMi2MbBiv
HQ+HHvX aha KT rb +[mB`2/ mbBM;  256× 256 TBt2H ;`B/ Qp2`  52× 52 MK2 `2;BQM Q7 "B2a`2**m2P8+δ
Ul.- Tc = 68 EV- i T = 6 E- Vs = −150 Ko- Is = 150pA- Vrms = 3.5 KoX
K;M2iB+ }2H/- b+M TB2xQb- M/ iBT #2 2tT2`BK2MiHHv bi#H2 7Q` mT iQ R3 ?Qm`bX 6m`i?2`KQ`2 #2@
+mb2 i?2 iBT Bb +QMbiMiHv iFBM; bT2+i` Qmi Q7 722/#+F- i?2 iBT Bb #2BM; 2tTQb2/ iQ TQi2MiBHHv
2tT2`BK2Mi `mBMBM; 2p2Mib i`B;;2`2/ #v K2+?MB+H pB#`iBQMb- Q` iBT@bKTH2 BMi2`+iBQMbX HH Q7
i?2b2 +QM/BiBQMb KF2 +[mB`BM; ?B;? [mHBiv aha /ib2ib 2ti`2K2Hv +?HH2M;BM;5
6Qm`B2` h`Mb7Q`K a+MMBM; hmMM2HBM; aT2+i`Qb+QTv JTb
b /Bb+mbb2/ BM i?2 T`2pBQmb b2+iBQM dI/dV ("r, V ) BK;2b +M #2 BMi2`T`2i2/ b KTTBM; i?2 HQ+H
/2MbBiv Q7 bii2b ρ("r, E)X AM  k. 2H2+i`QM ;b bvbi2K- ρ("r, E) Bb  k@bT+2 p2`;2 Q7 HH Q7 i?2




b  `2bmHi- aha 2tT2`BK2Mib +QMiBM MQ /B`2+i "k@bT+2 BM7Q`KiBQM Q7 i?2 [mbBT`iB+H2 2B;2M@






6B;m`2 kXd, ZmbBT`iB+H2 AMi2`72`2M+2X 6B;m`2b /Ti2/ 7`QK [mbBT`iB+H2 BMi2`72`2M+2 b22M QM
"B2h23 BM _27X (j8) UV dI/dV KT Q7 "B2h23 Qp2`  28 × 28 MK2 `2;BQM i V = 50 KoX U#V 6h@dI/dV
KT Q7 i?2 KT b?QrM BM UV- rBi? ?B;? BMi2MbBiv T2Fb +Q``2bTQM/BM; iQ i?2 T2`BQ/B+Biv b22M BM UVX U+V
AHHmbi`iBQM Q7 i?2 +QMbiMi 2M2`;v +QMiQm`b M/ HHQr#H2 b+ii2`BM; rp2p2+iQ`b U/V .BbT2`bBQM Q7 i?2
rp2p2+iQ` b?QrM BM U#VX
b22M BM 6B;X kXd\ hQ #2ii2` pBbmHBx2 M/ [mMiB7v i?2 T2`BQ/B+Biv Q7 i?2 KQ/mHiBQMb- r2 ivTB@
+HHv T2`7Q`K 6Qm`B2` i`Mb7Q`Kb Q7 i?2 dI/dV ("r, V ) KTb i 2+? 2M2`;vX h?2 `2bmHi Bb MQi?2`
i?`22 /BK2MbBQMH /ib2i BM (qx, qy, V ) bT+2- M/  b2`B2b Q7 6Qm`B2` i`Mb7Q`K U6hV@dI/dV BK@
;2b i +QMbiMi 2M2`;vX PM2 Q7 i?Qb2 KTb Bb b22M BM 6B;X kXd#X
S2Fb BM 6h@dI/dV KTb i rp2p2+iQ`b q = 2pi/λ +Q``2bTQM/ iQ bTiBH KQ/mHiBQMb rBi?
 T2`BQ/B+Biv λX h?2 Q`B;BM Q7 i?2b2 KQ/mHiBQMb /2T2M/b QM r?2i?2` i?2 q@bT+2 T2Fb /BbT2`b2
rBi? 2M2`;vX LQM@/BbT2`bBp2 q@T2Fb +Q``2bTQM/ iQ biiB+ +?`;2 KQ/mHiBQMb- M/ +M #2 +mb2/
#v T2`BQ/B+BiB2b bm+? b i?2 iQKB+ HiiB+2- Q` +?`;2 /2MbBiv rp2b- bm+? b BM L#a22X .BbT2`@
bBp2 q@T2Fb QM i?2 Qi?2` ?M/ ?p2  /Bz2`2Mi BMi2`T`2iiBQM- M/ +Q``2bTQM/ iQ biM/BM; BM@
i2`72`2M+2 Tii2`Mb Q7 [mbBT`iB+H2 bii2bX AM i?2 T`2b2M+2 Q7 /BbQ`/2`- BM/m+2/ 7Q` BMbiM+2 #v
BKTm`BiB2b Q` bi2T 2/;2b- i?2 i`MbHiBQMH BMp`BM+2 Q7 i?2 "HQ+? bii2b Bb #`QF2M- ;BpBM; `Bb2
iQ  biM/BM; rp2 BMi2`72`2M+2 Tii2`M- r?B+? Bb BK;2/ BM dI/dV M/ 6h@dI/dV KTbX AM i?2
bBKTH2bi +b2- 7Q` M BM#QmM/ bii2 ψ$ki QM M BKTm`Biv- M/ M Qmi#QmM/ bii2 ψ$kf - i?2 b+ii2`@
kd
BM; p2+iQ` #2ir22M i?2 irQ bii2b, |"q| = |"kf − "ki| = 2piλ−1 rBHH /2i2`KBM2 i?2 rp2H2M;i? λ BM
dI/dV X A7 r2 +QMbB/2` QMHv 2HbiB+ b+ii2`BM; T`Q+2bb2b- i  ;Bp2M 2M2`;v HH Q7 i?2 Q++mTB2/ "k
bii2b 7Q`K  +QMbiMi 2M2`;v +QMiQm` U*1*V BM k@bT+2X 6Q` 2+? Q++mTB2/ "k bii2- i?2 HHQr2/
}MH b+ii2`BM; bii2b `2 HH Qi?2` bii2b QM i?2 *1*, {"kf (E)} = {"k(E) (= "ki(E)}X M/ bQ i?2
q@bT+2 6h@dI/dV KT i 2M2`;v E +M #2 BMi2`T`2ii2/ b i?2 miQ+Q``2HiBQM Q7 i?2 *1*b i
2M2`;v EX A7 r2 BM+Hm/2 r2B;?iBM; iQ i?2 *1* 7`QK i?2 bBM;H2 T`iB+H2 bT2+i`H 7mM+iBQM A("k,ω)-
i?2 6h@dI/dV KT Bb 7Q`KHHv,
FT− dI
dV
("q,ω) ∼ C.Pa("q,ω) =
∫
CEC
d2kA("k,ω)A("k + "q,ω) UkXRNV
r?2`2 C.Pa `2T`2b2Mib i?2 DQBMi /2MbBiv Q7 bii2b M/ Bb 7Q`KHHv i?2 miQ+Q``2HiBQM Q7 i?2 bBM@
;H2 T`iB+H2 bT2+i`H 7mM+iBQM i?`Qm;?Qmi i?2 "`BHHQmBM xQM2X .BbT2`bBp2 T2Fb Q` b?T2b BM 6h@
dI/dV KTb +M i?2M #2 BMi2`T`2i2/ b i?2 /BbT2`bBQM Q7 i?2 DQBMi /2MbBiv Q7 bii2b- r?B+? `Bb2b
7`QK i?2 /BbT2`bBQM Q7 b+ii2`BM; rp2p2+iQ`b i?i +QMM2+i ?B;? .Pa TQBMib BM k@bT+2- Q` i?2
/BbT2`bBQM Q7  +QKKQM "q i?i +QMM2+ib M2bi2/ TQ`iBQMb Q7 i?2 *1*X "2+mb2 i?2 *1* 2pQHp2
rBi? 2M2`;v- rBi? bQK2 FMQrH2/;2 Q7 i?2 mM/2`HvBM; *1*b- /BbT2`bBQM Q7 "q BM 6h@dI/dV +M ;Bp2
BM7Q`KiBQM QM i?2 /BbT2`bBQM Q7 i?2 Q`B;BMH "k bii2bX h?2`27Q`2 #v mbBM; i?Bb i2+?MB[m2- aha +M
KT i?2 2pQHmiBQM Q7 i?2 k@bii2b iQ 2M2`;B2b #Qp2 i?2 62`KB H2p2H M/ rBi? ?B;?2` 2M2`;v `2bQ@
HmiBQM i?M Qi?2` bT2+i`Qb+QTB+ T`Q#2bX
k3
3
AK;BM; i?2 EQM/Q AMbmHiBM; :T QM aK"6
_2+2Mi rQ`F ?b T`2/B+i2/ MQM@i`BpBH iQTQHQ;v rBi?BM  bm#b2i Q7 EQM/Q BMbmHiQ`bX h?2b2 T`2@
/B+i2/ iQTQHQ;B+H EQM/Q BMbmHiQ`b- BM T`iB+mH` aK"6- rQmH/ `2T`2b2Mi i?2 2K2`;2M+2 Q7 iQTQ@
HQ;B+H Q`/2` 7`QK  bi`QM;Hv +Q``2Hi2/ ;TX AM i?Bb +?Ti2`- r2 /2iBH 2tT2`BK2Mib KTTBM; i?2
HQ+H BM?QKQ;2M2Biv Q7 aK"6 b  7mM+iBQM Q7 i2KT2`im`2X q2 K2bm`2 i?2 ?v#`B/BxiBQM ;T
QM  MQM@TQH` `2+QMbi`m+iBQM- M/ }M/ i2KT2`im`2 /2T2M/2Mi bT2+i`Qb+QTB+ 2pB/2M+2 +QMbBbi2Mi
rBi? EQM/Q ?v#`B/BxiBQM M/ BM@;T bm`7+2 bii2bX aQK2 Q7 i?2 `2bmHib 7`QK i?Bb +?Ti2` +M #2
7QmM/ BM _27X (ke), u22- aQmKvM`vMM- >2- EBK- 6BbF  >QzKM- `sBp, Rjy3,Ry38 UkyRjVX
kN
jXR AMi`Q/m+iBQM iQ EQM/Q BMbmHiQ`b
aK"6 #2HQM;b iQ  +Hbb Q7 Ki2`BHb FMQrM b ?2pv 72`KBQM U>6V Ki2`BHbX >6 +QKTQmM/b
ivTB+HHv +QMiBM ``2 2`i? Q` +BiBMB/2 2H2K2Mib U2X;X *2- aK- u#- 2i+XV- r?B+? BKT`i  HQ+H@
Bx2/ K;M2iB+ KQK2Mi (je) BMiQ i?2 +`vbiH HiiB+2X h?2 mMB[m2 T?vbB+b Q7 >6 Ki2`BHb BMpQHp2b
i?2 BMi2`+iBQM Q7 i?2b2 K;M2iB+ BQMb rBi? i?2 BiBM2`Mi 2H2+i`QMb pB i?2 EQM/Q 2z2+i (je- jd)X
h?2 EQM/Q 2z2+i Bb r2HH mM/2`biQQ/ 7Q`  bBM;H2 HQ+HBx2/ 2H2+i`QM rBi?  K;M2iB+ KQK2Mi BK@
K2`b2/ BM  b2 Q7 BiBM2`Mi 2H2+i`QMbX i ?B;? i2KT2`im`2b i?2 BiBM2`Mi M/ HQ+HBx2/ 2H2+i`QMb
/Q MQi BMi2`+iX >Qr2p2` i i2KT2`im`2b #2HQr i?2 EQM/Q i2KT2`im`2 TK - i?2 bTBMb Q7 i?2
BiBM2`Mi 2H2+i`QMb b+`22M i?2 K;M2iB+ KQK2Mi Q7 i?2 HQ+HBx2/ 2H2+i`QM- +`2iBM;  HQ+HBx2/
bTBMH2bb bBi2 (j3)X h?Bb HQ+HBx2/ bTBMH2bb bBi2 b2`p2b b  bi`QM; b+ii2`BM; bBi2 BM+`2bBM; i?2 `2@
bBbiBpBiv Q7 i?2 Ki2`BH H2/BM; iQ i?2 +?`+i2`BbiB+ mTim`M BM i?2 `2bBbiBpBiv b22M BM EQM/Q bvb@
i2KbX 1ti2M/BM; i?Bb T?2MQK2MQM 7`QK i?2 bBM;H2 BQM +b2 iQ  EQM/Q HiiB+2-  bBKBH` K;M2iB+
b+`22MBM; BMi2`+iBQM Q++m`b #2ir22M i?2 +QM/m+iBQM 2H2+i`QMb M/ 2+? K;M2iB+ KQK2Mi BM i?2
HiiB+2X h?2 /BbT2`bBQMH2bb #M/ Q7 i?2 K;M2iB+ KQK2Mib M/ i?2 BiBM2`Mi 2H2+i`QMb ?v#`B/Bx2-
7Q`KBM;  ?v#`B/Bx2/ #M/ rBi?  ?B;? 2z2+iBp2 KbbX h?2 +`iQQM BM 6B;X jXR BHHmbi`i2b i?2
EQM/Q ?v#`B/BxiBQM BM  HiiB+2X A7 i?2 62`KB H2p2H Q7 i?2 Ki2`BH bBib +HQb2 iQ i?2 f bii2 2M@
2`;v- i?2M i?2 EQM/Q ?v#`B/BxiBQM Q7 i?2 f M/ +QM/m+iBQM bii2b +mb2b  ;T iQ QT2M i i?2
62`KB H2p2H- +`2iBM;  i2KT2`im`2 /2T2M/2Mi K2iH BMbmHiQ` i`MbBiBQM i T ∗ (je)X
_2+2MiHv- Bi rb bm;;2bi2/ i?i i?2 +HbbB}+iBQM Q7 bQHB/b #b2/ QM iQTQHQ;B+H BMp`BMib +QmH/
TTHv iQ i?2b2 bi`QM;Hv +Q``2Hi2/ EQM/Q BMbmHiQ`b (jN- 9y)X GBF2 BM i?2 i`/BiBQMH #M/ BMbm@
HiQ` +b2- bvKK2i`B2b rQmH/ T`Qi2+i +?B`H bm`7+2 bii2b i?i rQmH/ bTM i?2 #M/ ;T- Q` BM
i?Bb +b2- i?2 EQM/Q BM/m+2/ ?v#`B/BxiBQM ;TX AM +QMi`bi iQ i?2 }`bi ;2M2`iBQM Q7 hAb- r?2`2
i?2 #M/ ;T `Bb2b 7`QK #M/@i?2Q`v- BM >6 Ki2`BHb i?2 #M/ ;T Bb BMi`BMbB+HHv  bi`QM;Hv
+Q``2Hi2/ i2KT2`im`2 /2T2M/2Mi 2z2+i +mb2/ #v i?2 ?v#`B/BxiBQM Q7 HQ+HBx2/ M/ BiBM2`Mi
2H2+i`QMbX h?2b2 iQTQHQ;B+H EQM/Q BMbmHiQ`b UhEAbV i?2`27Q`2 +QmH/ 2tBbi rBi? T`Qi2+i2/ +?B@
`H bm`7+2 bii2b rBi?BM i?2 EQM/Q ?v#`B/BxiBQM ;T- M/ rQmH/ `2T`2b2Mi  `B+? M2r T?vbB+H
+Hbb Q7 Ki2`BHb +QK#BMBM; iQTQHQ;v rBi? bi`QM;Hv +Q``2Hi2/ T?vbB+bX aK"6- QM2 Q7 i?2 QH/2bi
jy







T > T* T < T*
6B;m`2 jXR, HHmbi`iBQM Q7 i?2 EQM/Q 2z2+i BM  HiiB+2X UV i T > T ∗ i?2 K;M2iB+ KQK2Mib
U;`22M ``QrbV `2 ``M;2/ BM  HiiB+2 bm``QmM/2/ #v i?2 BiBM2`Mi 2H2+i`QMb U#Hm2 ``QrbVX h?2 BMb2i
b?Qrb i?2 `2bT2+iBp2Hv +QHQm`2/ #M/b Q7 i?2 K;M2iB+ KQK2Mib M/ i?2 +QM/m+iBQM 2H2+i`QMbX U#V i T <
T ∗ i?2 bTBMb Q7 i?2 BiBM2`Mi 2H2+i`QMb b+`22M i?2 K;M2iB+ KQK2Mib +`2iBM; HQ+HBx2/ bTBMH2bb b+ii2`BM;
+2Mi2`b- M/ i?2 irQ #M/b ?v#`B/Bx2 QT2MBM;  #M/ ;TX
bim/B2/ EQM/Q BMbmHiQ`b- ?b `2T2i2/Hv #22M T`QTQb2/ b M B/2H hEA +M/B/i2 (jNĜ9k)X
jXk aK"6 b  TQi2MiBH hQTQHQ;B+H EQM/Q AMbmHiQ`
aK"6 rb QM2 Q7 i?2 }`bi /Bb+Qp2`2/ EQM/Q BMbmHiQ`b M/ ?b bm#b2[m2MiHv #22M bim/B2/ b
 >6 Ki2`BH bBM+2 i?2 RNdybX aK"6 ?b  *b*H@ivT2 +m#B+ +`vbiH bi`m+im`2 rBi? Hi2`MiBM;
aK2+ BQMb M/ "62− Q+i?2/`- b?QrM BM 6B;X jXkX Ai mM/2`;Q2b  K2iH iQ BMbmHiQ` i`MbBiBQM
`QmM/ 8y E (9jĜ98)- b b?QrM BM 6B;X jXk#- r?B+? rb ii`B#mi2/ iQ ?v#`B/BxiBQM #2ir22M i?2
aK 4f HQ+HBx2/ KQK2Mib M/ i?2 " 5d +QM/m+iBQM #M/X am`T`BbBM;Hv ?Qr2p2`- i?2 `2bBbiBpBiv
bim`i2b #2HQr ∼j E (9j- 98)- BM +QMi`bi iQ i?2 2tT2+iiBQM i?i `2bBbiBpBiv BM+`2b2b- M/ +QM@
/m+iBpBiv → 0 b T → 0X q?BH2 i?Bb `2bB/mH +QM/m+iBpBiv i T = 0 rb Q`B;BMHHv i?Qm;?i Q7
b M BKTm`Biv #M/- `2+2Mi T`QTQbHb ?p2 ii`B#mi2/ Bi iQ i?2 2tBbi2M+2 Q7 iQTQHQ;B+HHv T`Q@
i2+i2/ bm`7+2 bii2b r?B+? rQmH/ H2p2  `2bB/mH +QM/m+iBM; +?MM2H (jN- 9y)X _2+2Mi i`MbTQ`i
TT2`b ?p2 b?QrM 2pB/2M+2 7Q` i?2 bm`7+2 Q`B;BM Q7 i?Bb `2bB/mH `2bBbiBpBiv +?MM2H- r?BH2 H+F@
BM; +QM+`2i2 2pB/2M+2 T`QpBM; i?2 iQTQHQ;B+H Mim`2 Q7 i?2 bm`7+2 bii2b (9eĜ9N)X >Qr2p2`- Mm@
K2`Qmb Qi?2` 2tT2`BK2Mib mbBM; TQBMi +QMi+i bT2+i`Qb+QTv (8y)- [mMimK Qb+BHHiBQM (8R)- M/
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6B;m`2 jXk, aK"6 +`vbiH bi`m+im`2- #M/ bi`m+im`2 M/ `2bBbiBpBivX UV a+?2KiB+ Q7 i?2 aK"6
+`vbiH bi`m+im`2X U#V _2bBbiBpBiv pb i2KT2`im`2 Q7 aK"6X .i /Ti2/ 7`QK _27X (9j)X 6BHH2/ +B`+H2b
/2MQi2 R pb T c QT2M +B`+H2b /2MQi2 R pb 103/T X J2iH BMbmHiQ` i`MbBiBQM i2KT2`im`2 T ∗ K`F2/ rBi?
/QrMr`/ TQBMiBM; ``Qr i ∼ 50 EX U+V _S1a /2i2`KBM2/ HQr 2M2`;v #M/ bi`m+im`2X .i /Ti2/
7`QK _27X (89)X _2/ +QHQ` b?Qrb HQr 2M2`;v Q++mTB2/ bii2b #2HQr i?2 62`KB 2M2`;vX
2tBbi2M+2 Q7 haaX AM T`iB+mH`- i?2 /BbT2`bBQM M/ Q`#BiH +?B`HBiv Q7 bQK2 bm`7+2 bii2b (89)-
i?2 ?H7 BMi2;2` "2``v T?b2 7`QK GM/m H2p2Hb (8R)- M/ i?2 i`MbTQ`i `2bTQMb2 iQ K;M2iB+ BK@
Tm`BiB2b (93) `2 bi`QM;Hv bm;;2biBp2 Q7 MQMi`BpBH iQTQHQ;v BM aK"6X
Hi?Qm;? 2pB/2M+2 Bb ++mKmHiBM; 7Q` iQTQHQ;B+H bm`7+2 bii2b QM aK"6-  T`2+Bb2 mM/2`@
biM/BM; Q7 i?2B` T`QT2`iB2b Bb T`2b2MiHv HBKBi2/ #v TQQ` bT2+i`Qb+QTB+ BM7Q`KiBQMX _S1a 2t@
T2`BK2Mib `2 BM #`Q/ ;`22K2Mi QM i?2 #M/ bi`m+im`2 7Q` 2M2`;B2b #2HQr i?2 62`KB H2p2HX aK"6
Bb +?`+i2`Bx2/ #v  T`#QHB+ #M/ +2Mi2`2/ i i?2 s TQBMi BM i?2 j. "`BHHQmBM xQM2- b b?QrM
BM i?2 HQr 2M2`;v #M/ bi`m+im`2 7`QK CBM; 2i HX (89) BM 6B;m`2 jXk+X >Qr2p2`- FMQrBM; i?2
#M/ bi`m+im`2 Q7 i?2 Q++mTB2/ bii2b /Q2b MQi ?2HT iQ `2bQHp2 i?2 /Bb+`2TM+v Qp2` i?2 K;@
MBim/2 Q7 i?2 ?v#`B/BxiBQM ;T BM aK"6X _S1a HQQb2Hv B/2MiB}2b i?2 K;MBim/2 Q7 i?2 ?v@
#`B/BxiBQM ;T b i?2 #BM/BM; 2M2`;v Q7 i?2 b?`T f #M/ Dmbi #2HQr EF - ivTB+HHv EB ∼R9@ky
K2o (8kĜ8d)- rBi?Qmi ++QmMiBM; 7Q` i?2 #M/ 2/;2 BM i?2 mMQ++mTB2/ bii2bX J2Mr?BH2- .*
i`MbTQ`i (9j- 98- 83) M/ QTiB+H `2~2+iBpBiv (8N) bim/B2b ivTB+HHv `2TQ`i  ;T Q7 ∆ ∼ 8@Ry K2o-
#mi #Qi? i?2 +iBpiBQM 2M2`;v }ib M/ i?2 E`K2`b@E`QMB; i`Mb7Q`KiBQMb M2+2bb`v iQ 2t@
i`+i i?2b2 ;T 2M2`;B2b Kv #2 z2+i2/ #v `2bB/mH bii2b BM i?2 ;T (98- 83- ey)X G`;2` ;Tb
Q7 RN K2o M/ je K2o ?p2 HbQ #22M Q#b2`p2/ #v QTiB+H i`MbKBbbBpBiv (ey) M/ _KM bT2+@
jk
_272`2M+2 J2bm`2/ ∆ UK2oV h2+?MB[m2
J2Mi?- 2i HX (9j) 9Xe h`MbTQ`i
6H+?#`i- 2i HX (83) RRXk h`MbTQ`i
h`p;HBMB- 2i HX (8N) 9Xd PTiB+H bT2+i`Qb+QTv
:Q`b?mMQp- 2i HX (ey) RN PTiB+H bT2+i`Qb+QTv
Lv?mb- 2i HX (eR) je _KM bT2+i`Qb+QTv
:mMi?2`Q/i- 2i HX (ek) kXd SQBMi imMM2HBM; bT2+i`Qb+QTv
KbH2`- 2i HX (ej) R9 SHM` imMM2HBM; bT2+i`Qb+QTv
6H+?#`i- 2i HX (83) kk SQBMi +QMi+i bT2+i`Qb+QTv
w?M;- 2i HX (8y) R3 SQBMi +QMi+i bT2+i`Qb+QTv
JBvxFB- 2i HX (8k) R8 _S1a
sm- 2i HX (8j) ky _S1a
CBM;- 2i HX (89) R3 _S1a
L2mTM2- 2i HX (8e) R9 _S1a
6`Mix2bFFBb- 2i HX (8d) 8 _S1a
w?m- 2i HX (88) ∼R8 @ ky _S1a
.2MHBM;2`- 2i HX (e9) ∼ky _S1a
h#H2 jXR, _2TQ`i2/ ?v#`B/BxiBQM ;T pHm2b Q7 aK"6 7`QK /Bz2`2Mi 2tT2`BK2MiH i2+?MB[m2b
i`Qb+QTv (eR)- `2bT2+iBp2HvX >Qr2p2`- i`MbTQ`i M/ QTiB+H i2+?MB[m2b +MMQi /2i2`KBM2 i?2 ;T
+2Mi2` rBi? `2bT2+i iQ EF X h?2 BM+QMbBbi2M+B2b BM i?2 ;T `2 bmKK`Bx2/ BM h#H2 jXR
GBF2 aha- THM` imMM2HBM; M/ TQBMi +QMi+i bT2+i`Qb+QTv UShafS*aV `2 #H2 iQ bT2+i`Q@
b+QTB+HHv K2bm`2 i?2 mMQ++mTB2/ bii2bX h?2b2 K2bm`2K2Mib b?Qr i?2 T @/2T2M/2Mi QT2M@
BM; Q7  ;T `M;BM; 7`QK ∼j iQ kk K2o (8y- 83- ej)X >Qr2p2`- S*a HBM2b?T2b BM aK"6@aK"6
DmM+iBQMb p`v /`KiB+HHv rBi? DmM+iBQM bBx2 (83)- r?BH2 Sha M/ S*a ?2i2`QDmM+iBQM 2tT2`B@
K2Mib ?p2 b?QrM M bvKK2i`B+ T2F QM i?2 TQbBiBp2 2M2`;v bB/2 Q7 i?2 ;T (8y- ej)- BM +QMi`bi
iQ i?2 T`2TQM/2`M+2 Q7 i?2Q`2iB+H M/ 2tT2`BK2MiH 2pB/2M+2 7Q` M 2H2+i`QM@HBF2 +QM/m+iBQM
#M/ (9k- 8kĜ8d- e8- ee)X Ai i?2`27Q`2 Bb 2bb2MiBH 7Q` M Hi2`MiBp2 T`Q#2 iQ T`QpB/2 mMK#B;mQmb
bT2+i`Qb+QTB+ BM7Q`KiBQM Q7 i?2 #`2 .Pa M/ i?2 7mHH ?v#`B/BxiBQM ;TX
jXj am`7+2 bim/B2b Q7 aK"6 pB ahJ
h?2 7Q`2K2MiBQM2/ bim/B2b QM aK"6 p2`;2/ Qp2` i H2bi b2p2`H KB+`QMb Q7 bm`7+2 `2 M/
T`QpB/2/ MQ bTiBH BM7Q`KiBQMX aTiBH p2`;BM; Qp2` H`;2 `2;BQMb Q7 aK"6 Bb T`Q#H2KiB+ #2@
jj
+mb2- mMHBF2 i?2 }`bi ;2M2`iBQM Q7 "B@#b2/ iQTQHQ;B+H BMbmHiQ`b- r?B+? `2 Hv2`2/ Ki2`BHb
rBi? Mim`H +H2p;2 THM2b- aK"6 Bb  7mHHv i?`22 /BK2MbBQMH Ki2`BH r?Qb2 +H2p;2 T`QT@
2`iB2b `2 mMFMQrMX b b22M BM 6B;X jXk- aK"6 ?b  *b*H@ivT2 +m#B+ +`vbiH bi`m+im`2 rBi? H@
i2`MiBM; aK2+ BQMb M/ "62− Q+i?2/`X Ai Bb i?2`27Q`2 2tT2+i2/ i?i +QKTH2i2 aK2+UyyRV Q`
"62−UyyRV i2`KBMiBQMb rQmH/ #2 TQH`- `2bmHiBM; BM bm`7+2 #M/ #2M/BM;X PM i?2 Qi?2` ?M/-
 T`iBH aK bm`7+2 Kv bmz2` 7`QK bi`m+im`H `2+QMbi`m+iBQMb b b22M #v HQr 2M2`;v 2H2+i`QM
/Bz`+iBQM UG11.V (8k- ed)X Hi?Qm;? i?2 iQTQHQ;B+HHv T`Qi2+i2/ bm`7+2 bii2b `2 2tT2+i2/ iQ
2tBbi QM HH bm`7+2 KQ`T?QHQ;B2b- i?2B` KMB72biiBQM Kv #2 BM~m2M+2/ #v i?2 /Bz2`BM; 2H2+@
i`QMB+ 2MpB`QMK2Mib BM r?B+? i?2v HBp2X 6m`i?2`KQ`2- i?2 TQbbB#H2 b?B7ib Q7 i?2 ?v#`B/BxiBQM ;T
M/fQ` +Q2tBbi2M+2 Q7 iQTQHQ;B+HHv i`BpBH bii2b QM bQK2 bm`7+2b Kv b?Q`i Qmi i?2 7mM/K2M@
iH +?B`H bii2b Q7 BMi2`2bi 7Q` i`MbTQ`i /2pB+2bX Ai `2KBMb +`m+BH iQ [mMiB7v i?2 ?v#`B/BxiBQM
;T Bib2H7- M/ iQ mM/2`biM/ Bib p`BiBQM rBi? bm`7+2 KQ`T?QHQ;vX h?2`27Q`2 ahJfaha Bb M
B/2H iQQH iQ T`Q#2 p`BiBQMb BM /Bz2`2MiBH imMM2HBM; +QM/m+iM+2 dI/dV +`Qbb KmHiBTH2 aK"6
bm`7+2 KQ`T?QHQ;B2b M/ T`QpB/2 +`m+BH HQ+H bT2+i`Qb+QTB+ BM7Q`KiBQMX
AM Qm` 2tT2`BK2Mib- aK"6 +`vbiHb r2`2 +H2p2/ BM +`vQ;2MB+ l>o i T ∼ 30 E M/ BKK2/B@
i2Hv BMb2`i2/ BMiQ i?2 ahJX "2+mb2 aK"6 H+Fb  Mim`H +H2p;2 THM2- i?2 +`vbiH +H2p2b BM
 D;;2/ 7b?BQM- b b?QrM BM i?2 a1J BK;2 Q7 QM2 Q7 Qm` +H2p2/ bm`7+2b BM 6B;X jXjX >Qr@
2p2`-  MmK#2` Q7 ~i i2``+2b `2 pBbB#H2 M/ r2 +?Qb2 iQ +QM/m+i Qm` ahJ 2tT2`BK2Mib QM
i?Qb2 bT2+B}+ i2``+2bX 7i2` Qm` ahJ 2tT2`BK2Mib- r2 T2`7Q`K2/ 2H2+i`QM #+F b+ii2` /Bz`+@
iBQM U1"a.V M/ t@`v T?QiQ2H2+i`QM bT2+i`Qb+QTv UsSaV K2bm`2K2Mib iQ p2`B7v i?i i?2 +H2p2
rb BM i?2 UyyRV Q`B2MiiBQM- M/ i?i i?2 bm`7+2 rb " `B+?X h?2 bm`7+2 +?2KB+H +QKTQbBiBQM
rb /2i2`KBM2/ #v +QKT`BM; i?2 +?2KB+H T2F BMi2MbBiB2b Q7 i?2 sSa bT2+i`mK- b?QrM BM i?2
i#H2 BM 6B;X jXj#- M/ `2 +QMbBbi2Mi rBi? T`2pBQmb K2bm`2K2Mib (ed)X
ahJ +[mB`2/ iQTQ;`T?B2b HHQr2/ mb iQ +?`+i2`Bx2 i?2 bm`7+2 bi`m+im`2 QM i?2 MMQb+H2X
h?2 iQTQ;`T?B+ BK;2 BM 6B;X jXj+ b?Qrb iQKB+HHv ~i i2``+2b Q7 ivTB+H ∼Ry MK 2ti2Mi QM
i?2 +H2p2/ bm`7+2 Q7 aK"6X h?2b2 i2``+2b `2 b2T`i2/ #v bi2Tb Q7 ?2B;?i 2[mH iQ i?2 +m#B+
HiiB+2 +QMbiMi a0 = 4.13 ³- r?B+? B/2MiB}2b i?2 +H2p2/ bm`7+2 b i?2 UyyRV THM2- BM ;`22K2Mi
rBi? 1"a. 2tT2`BK2MibX 6B;m`2b jX9@/ b?Qr ?B;?2` `2bQHmiBQM iQTQ;`T?B2b Q7 i?2 7Qm` /BbiBM+i
j9
100 μm


















































6B;m`2 jXj, am`7+2 +?`+i2`BxiBQM Q7 aK"6X UV a+MMBM; 2H2+i`QM KB+`Qb+QT2 Ua1JV BK;2 Q7
QM2 Q7 i?2 aK"6 +`vbiHb bim/B2/X HH 7Qm` MMQb+H2 KQ`T?QHQ;B2b r2`2 Q#b2`p2/ QM i?Bb +H2p2/ bm`7+2X
U#V s@`v T?QiQ2KBbbBQM bT2+i`Qb+QTv UsSaV bT2+i`mK Q7 i?2 bm`7+2 b?QrM BM UVX MMQii2/ T2Fb +Q`@
`2bTQM/ iQ i?2 #BM/BM; 2M2`;B2b Q7 i?2 `2bT2+iBp2 iQKbX AMb2i, iQKB+ +QKTQbBiBQM 2ti`+i2/ 7`QK i?2
sSa bT2+i`mKX h?2 bm`7+2 `iBQ Q7 aK," Bb R,NX8X U+V hQTQ;`T?B+ HBM2+mi +`Qbb }p2 iQKB+HHv ~i i2`@
`+2bX h?2 /Bz2`2M+2 BM i?2 p2`iB+H ?2B;?i #2ir22M /D+2Mi i2``+2b Bb a0X AMb2i b?Qrb  8y MK × R8 MK
iQTQ;`T?v Q7 i?2b2 i2``+2bX UT = 7 Ec b2iTQBMi pQHi;2 Vs = −100 Koc DmM+iBQM `2bBbiM+2 RJ = 10 :ΩXV
UV M/ U#V r2`2 +[mB`2/ 7i2` ahJ 2tT2`BK2Mib r2`2 +QKTH2i2/ M/ i?2 +`vbiH rb `2KQp2/ 7`QK i?2
+`vQbiiX
j8
bm`7+2 KQ`T?QHQ;B2b r2 Q#b2`p2/X 6B;m`2 jX9 b?Qrb  ``2Hv Q#b2`p2/ 1× 1 b[m`2 HiiB+2- r?B+?
r2 B/2MiB7v b  +QKTH2i2 aK Hv2`- bBKBH` iQ i?2 +QKTH2i2 G Hv2` Q7 UyyRV +H2p2/ G"6 T`2pB@
QmbHv BK;2/ #v ahJ (e3)X "2+mb2 i?2 aK iQKb ?p2  pH2M+2 Q7 ∼kY- i?Bb TQH` bm`7+2 Kv
#2 2M2`;2iB+HHv mM7pQ`#H2 (eN)- 2tTHBMBM; Bib ivTB+H HBKBiiBQM iQ bKHH `2;BQMb TT`QtBKi2Hv
Ry MK × Ry MK QM i?2 +H2p2/ bm`7+2X h?2 TQH` BMbi#BHBiv Q7 i?2 1×1 bm`7+2 +QmH/ #2 `2bQHp2/
#v `2KQpBM; ?H7 Q7 i?2 aK iQKb 7`QK i?2 iQTKQbi Hv2`- +QMbBbi2Mi rBi? i?2 2 × 1 bi`BT2/ bm`@
7+2 BM 6B;X jX9# UHbQ b?QrM QM i?2 i2``+2b Q7 6B;X jXj#VX h?Bb bm`7+2 Bb +QMbBbi2Mi rBi? G11.
Q#b2`piBQMb Q7  2 × 1 `2+QMbi`m+iBQM (8k) M/ _S1a Q#b2`piBQMb Q7 #M/@7QH/BM; (8j- 89) QM
i?2 +H2p2/ aK"6 bm`7+2X >Qr2p2`- i?2 KDQ`Biv Q7 Qm` Q#b2`p2/ bm`7+2b `2 /BbQ`/2`2/ M/ +M
#2 +HbbB}2/ b }HK2Mi`v Q` KQ`T?Qmb- b?QrM BM 6B;bX jX9+@/- `2bT2+iBp2HvX "Qi? Q7 i?2b2 /Bb@
Q`/2`2/ bm`7+2b b?Qr +Q``m;iBQMb ∼ 10× H`;2` i?M i?2 bmbT2+i2/ aK i2`KBMiBQMb BM 6B;bX
jX9@#X 6m`i?2`KQ`2- i?2 i2``+2 bi2T ?2B;?ib #2ir22M i?2b2 /BbQ`/2`2/ KQ`T?QHQ;B2b `2 MQM@
`iBQMH KmHiBTH2b Q7 a0X q2 bT2+mHi2 i?i i?2 +QKKQMHv Q#b2`p2/ }HK2Mi KQ`T?QHQ;v +QmH/ #2
 `2+QMbi`m+iBQM Q7 i?2 "6 Q+i?2/`- +QMbBbi2Mi rBi? Qm` sSa K2bm`2K2Mib b?QrBM;  "@`B+?
bm`7+2 (ed)X
>pBM; bbB;M2/ +?2KB+H B/2MiBiB2b iQ i?2b2 bm`7+2 KQ`T?QHQ;B2b- r2 BK;2 i?2B` /Bz2`2M@
iBH imMM2HBM; +QM/m+iM+2 dI/dV X h?2 imMM2HBM; dI/dV Bb ivTB+HHv T`QTQ`iBQMH iQ i?2 HQ+H
.Pa (kN) UHi?Qm;? r2 rBHH /Bb+mbb Hi2` M //BiBQMH BMi2`72`2M+2 +QMi`B#miBQM i?i +M KMB@
72bi BM EQM/Q bvbi2KbVX 6B;bX jX92@? b?Qr bTiBHHv p2`;2/ bT2+i` `2T`2b2MiiBp2 Q7 2+? Q7 i?2
7Qm` bm`7+2b- 2KT?bBxBM; bQK2 m#B[mBiQmb 72im`2b- b r2HH b /`KiB+ /Bz2`2M+2b #2ir22M i?2
KQ`T?QHQ;B2bX h?2 /QKBMMi 72im`2b +QKKQM iQ HH bm`7+2b `2 i?2 bT2+i`H KBMBKmK HQ+i2/
M2` i?2 62`KB 2M2`;v- M/ i?2 `2HiBp2 T`QKBM2M+2 Q7 i?2 T2F QM i?2 }HH2/ bii2 bB/2- +QKT`2/
iQ i?2 2KTiv bii2 bB/2X "Qi? Q#b2`piBQMb `2 +QMbBbi2Mi rBi? i?2 #`2 .Pa 7Q`  ?v#`B/Bx2/
2H2+i`QM@HBF2 +QM/m+iBQM #M/ (dy)X 6m`i?2`KQ`2- r2 +QM/m+i2/ dI/dV bT2+i`Qb+QTB+ KTb- b
b?QrM BM 6B;X jX8X h?2 dI/dV KTb Q7 6B;bX jX82@? M/ bT2+i` BM 6B;X jX8B@H b?Qr i?i i?2 irQ
/BbQ`/2`2/ }HK2Mi`v M/ r2# bm`7+2b `2 2ti`2K2Hv BM?QKQ;2M2Qmb- b QTTQb2/ iQ i?2 ?QKQ@
;2M2Biv QM i?2 Q`/2`2/ aK bm`7+2bX h?2 bT2+i`Qb+QTB+ KTb i?2`27Q`2 T`QpB/2 7m`i?2` 2pB/2M+2
bmTTQ`iBM; Qm` +?2KB+H B/2MiB}+iBQM Q7 i?2 bm`7+2 KQ`T?QHQ;B2bX
je












































Bias  (mV)Bias  (mV)Bias  (mV)Bias  (mV)


















































10 nm 10 nm10 nm10 nm
6B;m`2 jX9, am`7+2 KQ`T?QHQ;v Q7 aK"6 M/ `2T`2b2MiiBp2 dI/dV X U@/V _2T`2b2MiiBp2 Ry MK
× Ry MK iQTQ;`T?B+ BK;2b Q7 i?2 7Qm` /Bz2`2Mi bm`7+2 KQ`T?QHQ;B2b- rBi? HBM2+mib HQM; i?2 `2/ ``Qrb
b?QrBM; i?2 bm`7+2 +Q``m;iBQM #2M2i? 2+? BK;2X UV 1 × 1 aK i2`KBMiBQMX UT = 9.5 E- Vs = −200
Ko- RJ = 10 :ΩXV U#V 2 × 1 ?H7@aK i2`KBMiBQMX UT = 8.5 E- Vs = −100 Ko- RJ = 5 :ΩXV U+V
.BbQ`/2`2/ }HK2Mi`v " i2`KBMiBQMX UT = 5.5 E- Vs = +200 Ko- RJ = 20 :ΩXV U/V .BbQ`/2`2/ r2#
i2`KBMiBQMX UT = 9 E- Vs = −100 Ko- RJ = 2 :ΩXV U2@?V aTiBHHv p2`;2/ dI/dV `2T`2b2MiiBp2 Q7
2+? Q7 i?2 7Qm` bm`7+2 KQ`T?QHQ;B2b b?QrM BM @/X U2V dI/dV QM i?2 1 × 1 bm`7+2X .b?2/ HBM2b BM/B+i2
T2Fb i @Re8 Ko M/ @k3 KoX UT = 9 E- Vs = −250 Ko- RJ = 2 :Ω- #Bb 2t+BiiBQM KTHBim/2 Vrms =
2.8 KoXV U7V dI/dV QM i?2 2 × 1 bm`7+2X .b?2/ HBM2b BM/B+i2 T2Fb i @R88 Ko M/ @3 KoX UT = 8 E-
Vs = 200 Ko- RJ = 1 :Ω- Vrms = 1.4 KoXV U;V p2`;2 dI/dV QM i?2 /BbQ`/2`2/ }HK2Mi`v bm`7+2X
aT2+i` `2 p2`v BM?QKQ;2M2Qmb Ub22 6B;X jX8VX UT = 7 E- Vs = −150 Ko- RJ = 3 :Ω- Vrms = 3.5 KoXV
U?V p2`;2 dI/dV QM i?2 /BbQ`/2`2/ r2# bm`7+2X aT2+i` `2 p2`v BM?QKQ;2M2Qmb Ub22 6B;X jX8V- rBi? M








































































6B;m`2 jX8, aTiBH /2T2M/2M+2 Q7 /Bz2`2MiBH imMM2HBM; +QM/m+iM+2X U@/V hQTQ;`T?B2b QM
7Qm` /Bz2`2Mi bm`7+2 KQ`T?QHQ;B2bX U2@?V dI/dV KTb i +QMbiMi #Bb UBM/B+i2/ BM };m`2V- 2+? +[mB`2/
bBKmHiM2QmbHv rBi? i?2 `2bT2+iBp2 iQTQ;`T?v b?QrM BM U@/VX UB@HV _2T`2b2MiiBp2 dI/dV bT2+i`H p`B@
iBQM rBi?BM 2+? Q7 i?2 7Qm` KQ`T?QHQ;B2bX U- 2- BV h?2 1 × 1 aK@i2`KBMi2/ `2;BQM b?Qrb r2F bT2+@
i`H BM?QKQ;2M2BivX UT = 9.5 E- Vs = −200 Ko- RJ = 2 :Ω- Vrms = 2.8 KoXV aT2+i` QM i?2 iQKb
U#Hm2V- QM i?2 ?QHHQr bBi2b U;`22MV M/ QM i?2 #`B/;2 bBi2b Ui2HV i?2 iQKb `2 B/2MiB+HX U#- 7- DV h?2
2 × 1 aK@i2`KBMi2/ `2;BQM b?Qrb bT2+i`H ?QKQ;2M2Biv QM U#Hm2V M/ Qz U;`22MV i?2 bi`BT2bX UT = 4.4
E- Vs = −100 Ko- RJ = 2 :Ω- Vrms = 2.1 KoXV U+- ;- FV h?2 }HK2Mi`v "@i2`KBMi2/ `2;BQM Bb bT2+@
i`HHv BM?QKQ;2M2QmbX UT = 7 E- Vs = −150 Ko- RJ = 3 :Ω- Vrms = 3.5 KoXV U/- ?- HV h?2 /BbQ`/2`2/
r2# `2;BQM b?Qrb 2ti`2K2 bT2+i`H BM?QKQ;2M2BivX UT = 9 E- Vs = −100 Ko- RJ = 2 :Ω- Vrms = 2.8 KoXV
j3
  















6B;m`2 jXe, J;M2iB+ }2H/ /2T2M/2M+2 Q7 dI/dV bT2+i`X aT2+i` +[mB`2/ BM x2`Q }2H/ U#Hm2V M/
N h U`2/V `2 THQii2/X h?2 /i ?p2 #22M b+H2/ #v  KmHiBTHB+iBp2 +QMbiMi #mi MQi Qzb2iX J;M2iB+
}2H/ rb TTHB2/ HQM; i?2 c@tBbX UB = 0 h, T = 4.4 E- Vs = −100 Ko- RJ = 2 :Ω- Vrms = 2.1 Koc
B = 9 h, T = 2.2 E- Vs = −60 Ko- RJ = 1.2 :Ω- Vrms = 1.4 KoV
hQ #2ii2` mM/2`biM/ i?2 f #M/ ?v#`B/BxiBQM- r2 7Q+mb BM KQ`2 /2Ti? QM i?2 irQ aK@i2`KBMi2/
bm`7+2bX aT2+i` QM i?2 1 × 1 bm`7+2 b?Qr  T2F i @Re8 Ko U6B;X jX92V- r?B+? r2 B/2MiB7v b
i?2 ?v#`B/Bx2/ aK2+ 6H7/2 KmHiBTH2i ivTB+HHv b22M #v _S1a i EB ∼R8y@Rey Ko (89Ĝ8e- ee)-
M/  T2F i @k3 Ko- r?B+? r2 B/2MiB7v b i?2 ?v#`B/Bx2/ 6H5/2 KmHiBTH2i ivTB+HHv b22M #v
_S1a i EB ∼R9@ky K2o (8kĜ8e- ee)X h?2 /QrMr`/ 2M2`;v b?B7i Q7 #Qi? i?2b2 ahJ@Q#b2`p2/
6H7/2 M/ 6H5/2 KmHiBTH2ib +QKT`2/ iQ i?2 p2`;2 _S1a Q#b2`piBQMb +QmH/ `Bb2 7`QK i?2
TQH` +ibi`QT?2 i i?2 1 × 1 bm`7+2 (dR)X h?2 TQH` +ibi`QT?2 rQmH/ +mb2 i?2 KQp2K2Mi
Q7 2H2+i`QMb iQr`/b i?2 bm`7+2 iQ /2+`2b2 i?2 +?`;2 Q7 i?2 bm`7+2 aK Hv2`- M/ rQmH/ b?B7i
i?2 62`KB H2p2H mT- +mbBM; i?2 ?v#`B/Bx2/ f #M/b iQ TT2` HQr2` BM +QKT`BbQMX AM/22/- QM2
_S1a 2tT2`BK2Mi (8d) i?i #Qbi2/ MQ 2pB/2M+2 Q7 bm`7+2 `2+QMbi`m+iBQM 7`QK G11. (8k) Q`
#M/@7QH/BM; (8j- 89)- b?Qr2/ bBKBH`Hv ?B;?2` #BM/BM; 2M2`;B2b Q7 @Rdy Ko M/ @9y Ko- +QMbBbi2Mi
rBi?  +?2KB+H TQi2MiBH b?B7i i  TQH` 1× 1 bm`7+2X
q2 2tT2+i i?i i?2 2 × 1 bm`7+2 Bb MQMTQH`- M/ Kv T`QpB/2  #2ii2` pB2r Q7 i?2 #mHF f
#M/b M/ ?v#`B/BxiBQM T`Q+2bbX aT2+i` QM i?2 2 × 1 bm`7+2 i HQr T b?Qr  #`Q/ T2F i
`QmM/ @R88 Ko- M/  `2K`F#Hv b?`T 72im`2 +2Mi2`2/ i @3 Ko U6B;X jX97V- #Qi? KQ`2 +QMbBb@




6B;m`2 jXd, AHHmbi`iBQM Q7 +QimMM2HBM; T`Q+2bb BM EQM/Q bvbi2KbX AM  EQM/Q bvbi2K- 2H2+i`QMb
+M imMM2H BMiQ i?2 +QM/m+iBQM #M/ U#Hm2V Q` i?2 f #M/ U;`22MVX h?2 imMM2HBM; KTHBim/2 BMiQ i?2 +QM@
/m+iBQM Q` f #M/ Bb tc- M/ tf - `2bT2+iBp2HvX
2ti`2K2Hv ?QKQ;2M2Qmb QM +H2M i2``+2b Q7 p`vBM; bBx2b U6B;X jX8#-7-DV- M/ b?Qrb MQ +?M;2 BM
 c@tBb K;M2iB+ }2H/ mT iQ N h Ub22 6B;X jXeV- mMHBF2 i?2 ǵBM@;TǶ bii2 r?Qb2 }2H/@bmTT`2bbBQM
rb Q#b2`p2/ #v LJ_ (dk)X aQK2 _S1a 2tT2`BK2Mib ?p2 HbQ Q#b2`p2/  r2FHv /BbT2`bBM;
bii2 `QmM/ @3 Ko iQ @9 Ko- r?B+? ?b #22M +HBK2/ b i?2 ǵBM@;TǶ bB;Mim`2 Q7  hEA (8k- 8e)X
>Qr2p2`-  iQTQHQ;B+H ǵBM@;TǶ bii2 b?QmH/ +QMiBMmQmbHv bTM i?2 7mHH ?v#`B/BxiBQM ;T- bQ r2
`;m2 i?i i?2 b?`T @3 Ko bii2 Bb i?2 KMB72biiBQM Q7 i?2 4f @5d ?v#`B/BxiBQM Bib2H7- Q#b2`p2/
bT2+B}+HHv QM i?2 2× 1 bm`7+2X
jX9 hmMM2HBM; BMiQ  EQM/Q GiiB+2
AM ivTB+H ahJfaha 2tT2`BK2Mib- i?2 K2bm`2/ /Bz2`2MiBH +QM/m+iM+2 dI/dV Bb `2T`2b2MiiBp2
Q7 i?2 bKTH2 /2MbBiv Q7 bii2b U.PaV (kN)X >Qr2p2`- BM EQM/Q bvbi2Kb i?2`2 `2 irQ BM/2T2M@
/2Mi imMM2HBM; Ti?b, QM2 BMiQ i?2 +QM/m+iBQM #M/ M/ MQi?2` BMiQ i?2 ?2pv #M/X h?2`27Q`2
i?2 imMM2HBM; dI/dV /2T2M/b QM i?2 .Pa Q7 i?2 +QM/m+iBQM #M/- i?2 .Pa Q7 i?2 ?2pv #M/-
M/ i?2 BMi2`72`2M+2 Q7 i?2b2 irQ imMM2HBM; Ti?bX h?Bb +QimMM2HBM; T`Q+2bb Bb BHHmbi`i2/ BM 6B;X
jXdX Ai Bb M2+2bb`v iQ ++QmMi 7Q` i?2 +QimMM2HBM; T`Q+2bb BM Q`/2` iQ 2ti`+i i?2 [mMiBiv Q7 BM@
i2`2bi- i?2 BMi`BMbB+ .Pa Q7 i?2 ?v#`B/Bx2/ #M/b- 7`QK i?2 dI/dV bT2+i`X
AM i?Bb b2+iBQM r2 rBHH /Bb+mbb i?`22 KQ/2Hb i?i r2 mb2/ iQ bBKmHi2 Qm` 2tT2`BK2MiH bT2+i`,
 6MQ KQ/2H (dj- d9) b r2HH b irQ +H2M EQM/Q HiiB+2 KQ/2Hb #v 6B;;BMb 2i H (dy) M/ JHi@





















6B;m`2 jX3, .2+QKTQbBiBQM Q7 i?2 6MQ HBM2b?T2 ++Q`/BM; iQ 1[MX jXkX h?2 i?`22 +QKTQM2Mib
M/ i?2 `2bmHiMi bmKK2/ dI/dV `2 BM/B+i2/ BM i?2 H2;2M/X aT2+i`mK rb THQii2/ 7Q` q = −1- A = 1
M/ * Bb THQii2/ BM mMBib Q7 w 7Q` Ef0 = 0X
#Qi? EQM/Q HiiB+2 KQ/2Hb +Tim`2 i?2 KBM [mHBiiBp2 72im`2b Q7 Qm` bT2+i`, i?2 T2F HQ+@
iBQM- rB/i?- M/ b?`TM2bb- b r2HH b i?2 rB/i? M/ TQbBiBp2 2M2`;v FBMF Q7 i?2 ;TX "v mbBM;
i?2 +H2M EQM/Q HiiB+2 KQ/2H Q7 6B;;BMb 2i HX (dy) iQ b2T`i2 i?2 i?`22 +QKTQM2Mib Q7 i?2 ahJ@
K2bm`2/ dI/dV QM aK"6- r2 b?Qr i?i dI/dV Bb /QKBMi2/ #v i?2 #`2 .Pa- BM +QMi`bi iQ
2`HB2` ShafS*a K2bm`2K2Mib (8y-ej)X
jX9XR EQM/Q BKTm`Biv 6MQ KQ/2H
Ai Bb r2HH FMQrM i?i imMM2HBM; BMiQ  EQM/Q BKTm`Biv Ĝ  bBM;H2 K;M2iB+ iQK BM  MQM@K;M2iB+
?Qbi Ĝ `2~2+ib i?2 BMi`BMbB+ BKTm`Biv H2p2H M/ +QM/m+iBQM #M/- b r2HH b i?2 [mMimK K2+?M@
B+H BMi2`72`2M+2 #2ir22M i?Qb2 irQ imMM2HBM; +?MM2HbX h?2 BMi2`72`2M+2 KMB72bib b  6MQ `2b@
QMM+2 Ĝ M bvKK2i`B+ /BT@T2F 72im`2 i?i /QKBMi2b i?2 imMM2HBM; bB;MH (j9- de)X h?2 6MQ
HBM2b?T2 ?b i?2 7Q`K-
dI
dV




r?2`2 A Bb  KmHiBTHB+iBp2 T`27+iQ`- q Bb i?2 6MQ T`K2i2`- * = (eV − Ef0 )/w- Ef0 Bb i?2 2M@
2`;v Q7 i?2 /Bb+`2i2 f bii2- M/ w Bb i?2 rB/i? Q7 i?2 `2bQMM+2- `Qm;?Hv 2[mH iQ i?2 bBM;H2 BQM


















h?2 i?`22 i2`Kb BM 1[MX jXk `2 THQii2/ b2T`i2Hv BM 6B;X jX3X h?2 }`bi i2`K BM 1[MX jXk- b?QrM
mbBM; i?2 #Hm2 +m`p2 BM 6B;X jX3- ?b i?2 7Q`K Q7  GQ`2MixBM b+H2/ #v i?2 b[m`2 Q7 i?2 6MQ
T`K2i2` M/ +M #2 ii`B#mi2/ iQ i?2 .Pa 7`QK i?2 f #M/X h?2 i?B`/ i2`K BM 1[MX jXk- b?QrM
mbBM; i?2 `2/ +m`p2 BM 6B;X jX3- bvKTiQi2b iQ R 7Q` * >> 1- pMBb?2b r?2M * → 0- M/ +M #2
i?Qm;?i Q7 b i?2 ;TT2/ .Pa Q7 i?2 BiBM2`Mi 2H2+i`QMbX J2Mr?BH2- i?2 b2+QM/ i2`K BM 1[MX
jXk- b?QrM mbBM; ;`22M BM 6B;X jX3- #2`b T`iB+mH` +QMbB/2`iBQMX h?2 i2`K */(1 + *2) brBi+?2b
bB;M r?2M * = 0- BKTHvBM; i?i i?2 +QMi`B#miBQM 7`QK i?Bb i2`K rBHH #2 M2;iBp2 QM QM2 bB/2 Q7
* = 0X h?Bb +H2`Hv +MMQi #2 i?Qm;?i Q7 b  .Pa +QMi`B#miBQM- b M2;iBp2 .Pa Bb mMT?vbB+HX
h?Bb i2`K Bb i?2`27Q`2 i?2 KMB72biiBQM Q7 i?2 BMi2`72`2M+2 Q7 i?2 +QimMM2HBM; T`Q+2bb- M/ `2T`2@
b2Mib /2bi`m+iBp2 M/ +QMbi`m+iBp2 BMi2`72`2M+2 Q7 i?2 +QM/m+iBQM M/ f imMM2HBM; Ti?bX >pBM;
bbB;M2/ 2+? i2`K iQ /Bz2`2Mi imMM2HBM; T`Q+2bb2b- r2 +M `2r`Bi2 1[MX jXk b,
dI
dV
(V ) = A
[
q2N˜f + 2qN˜cf + N˜c
]
UjXjV
r?2`2 N˜f = 1/(1 + *2) `2T`2b2Mib imMM2HBM; BMiQ i?2 f #M/- N˜cf = */(1 + *2) `2T`2b2Mib i?2
BMi2`72`2M+2- M/ N˜c = *2/(1 + *2) `2T`2b2Mib imMM2HBM; BMiQ i?2 +QM/m+iBQM #M/X h?2 6MQ
T`K2i2` q BM 1[miBQM jXj +M MQr #2 BMi2`T`2i2/ b #2BM; T`QTQ`iBQMH iQ i?2 T`Q##BHBiv Q7
imMM2HBM; BMiQ i?2 f #M/X h?Bb BMi2`T`2iiBQM ?b  /B`2+i MHQ; iQ i?2 KQ`2 T`2+Bb2 KQ/2H 7Q`
imMM2HBM; BMiQ  EQM/Q HiiB+2- r?B+? r2 /Bb+mbb BM 7QHHQrBM; b2+iBQMX
q?BH2 i?2 6MQ HBM2b?T2 ?b bm++2bb7mHHv /2b+`B#2/ i?2 dI/dV +QM/m+iM+2 Q7 /BHmi2 K;M2iB+
iQKb QM  K2iH bm#bi`i2 (j9- de)- KmHiBTH2 2tT2`BK2MiH TT2`b ?p2 `2TQ`i2/ i?i imMM2HBM;
BMiQ  EQM/Q HiiB+2 `2[mB`2b  KQ`2 +QKTHB+i2/ KQ/2H iQ BM+Q`TQ`i2 i?2 2z2+i Q7 i?2 ?2pv
#M/b (8y- dd- d3)X _2+2Mi i?2Q`2iB+H rQ`F bm;;2bi2/ i?i i?2 6MQ HBM2b?T2 Bb Dmbi  HBKBiBM;
+b2 BM EQM/Q HiiB+2 bvbi2Kb rBi? bTiBH BM?QKQ;2M2Biv Q` H`;2 b2H7@2M2`;v (d9)X q2 7QmM/ i?i


























































6B;m`2 jXN, ii2KTi iQ }i i?2 2 × 1 bm`7+2 dI/dV bT2+i`mK iQ i?2 6MQ KQ/2HX UV q2 }t2/
q = −1- Ef0 = 0- M/ w = 100 E Ui?2 bBM;H2 BQM EQM/Q i2KT2`im`2 (8y- d8- dN)V- r?BH2 p`vBM; i?2
KTHBim/2 AX U#V q2 }t2/ A = 1- Ef0 = 0- M/ w = 100 E- r?BH2 p`vBM; i?2 6MQ T`K2i2` qX U+V q2
}t2/ A = 1- Ef0 = 0- M/ q = −1- r?BH2 p`vBM; wX AM 2+? +b2- r2 i?2`KHHv #`Q/2M2/ HH 6MQ KQ/2H
bT2+i` iQ i?2 K2bm`2K2Mi i2KT2`im`2 Q7 3 EX "H+F i`+2 b?Qrb K2bm`2/ dI/dV QM i?2 2 × 1 bm`7+2-
+[mB`2/ i T = 8 E- Vs = −100 Ko- Is = 100 T- V`Kb = 1.4 KoX h?2 K2bm`2/ dI/dV rb b+H2/ #v 
bBM;H2 KmHiBTHB+iBp2 +QMbiMi- #mi MQi Qzb2iX
b?Qrb i?2 2tT2`BK2MiH /i bmT2`TQb2/ QM iQT Q7 i?2 6MQ bT2+i`mK i /Bz2`2Mi T`K2i2`bX
q2 MQi2 i?i MQ +QK#BMiBQM Q7 A- q M/ w BM i?2 6MQ KQ/2H +QmH/ bBKmHiM2QmbHv `2T`Q/m+2
i?2 TQbBiBp2 #Bb FBMF M/ i?2 rB/i? Q7 i?2 @3 Ko T2F BM i?2 K2bm`2/ dI/dV X h?Bb M2+2bbBii2b
i?2 mb2 Q7 EQM/Q HiiB+2 KQ/2Hb r?B+? r2 /Bb+mbb BM i?2 7QHHQrBM; b2+iBQMX
jX9Xk EQM/Q HiiB+2 KQ/2Hb
6B;;BMb KQ/2H
q2 mb2/ irQ /Bz2`2Mi EQM/Q HiiB+2 KQ/2Hb (dy- d8) iQ #2ii2` mM/2`biM/ Qm` dI/dV bT2+i`X q2
}`bi /Bb+mbb i?2 +QimMM2HBM; KQ/2H Q7 6B;;BMb M/ JQ`` (dy)- BM r?B+? dI/dV +M #2 /2+QKTQb2/
b i?2 bmK Q7 i?`22 i2`Kb 7`QK i?2 +QM/m+iBQM #M/- i?2 f #M/- M/ i?2 BMi2`72`2M+2 Q7 i?2 irQ













Ncf (V ) +Nc(V ) UjX9V
9j
r?2`2 Nc(V ) M/ Nf (V ) `2T`2b2Mi i?2 #`2 .Pa- tc M/ tf `2 i?2 `2bT2+iBp2 imMM2HBM; KTHB@
im/2b BMiQ i?2 irQ `2bT2+iBp2 #M/b- M/ Ncf (V ) `2T`2b2Mib i?2 [mMimK K2+?MB+H BMi2`72`2M+2
#2ir22M i?2 irQ imMM2HBM; +?MM2Hb (dy- d9- 3y- 3R)X tf M/ tc `2 2ti`BMbB+ T`K2i2`b i?i `2 BM@
~m2M+2/ #v i?2 imMM2H DmM+iBQM M/ Qi?2` 2tT2`BK2MiH T`K2i2`bX >Qr2p2`- Nc, Nf , Ncf `2 HH
BMi`BMbB+ iQ i?2 EQM/Q HiiB+2 bvbi2K #2BM; bim/B2/ M/ iF2 i?2 7Q`K (dy),
Nc = Im[Gc(k,ω)] UjX8V
Nf = Im[Gf (k,ω)] UjXeV
Ncf = Im[Gcf (k,ω)] UjXdV











Gcf (k,ω) = G
0
c(k,ω)vGf (k,ω) UjXRyV
h?2 ?v#`B/Bx2/ :`22MǶb 7mM+iBQMb `2 2tT`2bb2/ BM i2`Kb Q7 i?2 ?v#`B/BxiBQM KTHBim/2 v M/ i?2
#`2 :`22MǶb 7mM+iBQMb, G0c(k,ω) = [ω+ iγ −Eck]−1 M/ G0f (k,ω) = [ω+ iγ −Efk ]−1 r?2`2 γ Bb i?2
b2H7 2M2`;v M/ Eck M/ Efk `2 i?2 mM?v#`B/Bx2/ #M/ bi`m+im`2b Q7 i?2 +QM/m+iBQM M/ f #M/-

















h?2 ?v#`B/Bx2/ #M/b rBi? `2HBbiB+ T`K2i2`b `2 THQii2/ BM 6B;m`2 jXRyX
Ai Bb BMbi`m+iBp2 iQ +QKT`2 i?2 7Q`K Q7 dI/dV 7`QK i?2 6B;;BMb KQ/2H U1[MX jX9V rBi? i?2 /2@
+QKTQb2/ dI/dV 7`QK i?2 6MQ KQ/2H U1[MX jXjVX AM 1[MX jXj- q Bb  T`27+iQ` 7Q` i?2 f @#M/
i2`K M/ i?2 BMi2`72`2M+2 i2`K- M/ ?b i?2 bK2 7Q`K M/ K2MBM; b i?2 T`27+iQ` tf/tc BM


















6B;m`2 jXRy, >v#`B/Bx2/ #M/ bi`m+im`2 ++Q`/BM; iQ 1[MX jXRRX "Hm2 M/ ;`22M `2 i?2 TQbBiBp2
M/ M2;iBp2 #`M+?2b Q7 i?2 #M/ bi`m+im`2 `2bT2+iBp2HvX S`K2i2`b r2`2 +?Qb2M iQ `2HBbiB+HHv `2~2+i
i?2 KQ/2H mb2/ M/ /2b+`B#2/ BM i?2 i2tiX Eck rb KQ/2H2/ b  T`#QHB+ #M/ +2Mi2`2/ i i?2 s TQBMi
Uk = 0 BM i?Bb };m`2V rBi? +`QbbBM;b i k = 0.401 (pi/a0)- Efk = 0 rBi? MQ /BbT2`bBQM- M/ v = 0.2 2oX
iBQ rBi? i?2 6MQ T`K2i2`, tf/tc ⇔ q- i?2M r2 +M bBKBH`Hv bbQ+Bi2 i?2 `2bT2+iBp2 i2`Kb 7Q`
i?2 /Bz2`2Mi imMM2HBM; T`Q+2bb2b 7`QK 1[MX jXj rBi? 1[MX jX9, N˜c,f,cf ⇔ Nc,f,cf X h?2 6MQ KQ/2H
+M i?2`27Q`2 #2 +QMbB/2`2/ b  +Q`b2 EQM/Q HiiB+2 KQ/2H- r?B+? `2iBMb i?2 Qp2`HH bi`m+im`2
Q7 i?2 EQM/Q HiiB+2 KQ/2H #mi rBi?Qmi bQK2 }M2` /2iBHbX b QM2 2tKTH2- #v mbBM;  EQM/Q
HiiB+2 KQ/2H r2 +M BM+Q`TQ`i2 i?2 FMQrM #M/ bi`m+im`2 BMiQ i?2 :`22Mb 7mM+iBQMb M/ .Pa
Q7 i?2 c M/ f #M/b i?`Qm;? 1[MbX jX3 iQ jXRy- r?B+? Bb MQi TQbbB#H2 mbBM; i?2 6MQ KQ/2HX AM
7+i- `2+2Mi i?2Q`2iB+H TT2`b ?p2 b?QrM i?i i?2 dI/dV Q7  EQM/Q HiiB+2 ?b  6MQ HBM2@
b?T2 BM i?2 ?B;? /BbQ`/2` HBKBi (d9) Q` i?2 ?B;? γ HBKBi (d8)- 7m`i?2` bmTTQ`iBM; i?2 BMi2`T`2iiBQM
Q7 i?2 6MQ KQ/2H b  HBKBiBM; +b2 Q7 ;2M2`H EQM/Q HiiB+2 KQ/2HbX
AM Qm` KQ/2H- i?2 #`2 #M/b Q7 i?2 +QM/m+iBQM M/ f #M/ r2`2 +QMbi`BM2/ #v 2tT2`BK2Mi
M/ i?2Q`vX q2 KQ/2HH2/ i?2 aK 5d +QM/m+iBQM #M/ b M 2HHBTbQB/ +2Mi2`2/ i i?2 X TQBMi
Q7 i?2 i?`22@/BK2MbBQMH "`BHHQmBM xQM2- rBi? b2KB@KDQ` kF t2b 0.401(pi/a0) × 0.401(pi/a0) ×
0.600(pi/a0) M/ Emin = −1.6 2o BM ;`22K2Mi rBi? _S1a K2bm`2K2Mib (89)X q2 KQ/2H2/
i?2 aK 4f #M/ b  MQM@/BbT2`bBp2 ~i #M/ bTMMBM; i?2 "`BHHQmBM xQM2 i 2M2`;v Ef0 - M/




























6B;m`2 jXRR, 6BiiBM; K2i`B+ 7Q` i?2 6B;;BMb KQ/2HX UV 1tT2`BK2MiH 3E bT2+i`mK rBi? MMQi@
iBQMb BM/B+iBM; i?2 6q>J M/ i?2 ∆ = |Vp − Vk| mb2/ 7Q` +H+mHiBM; i?2 2``Q` K2i`B+X U#V 1``Q` K2i`B+
δ BM mMBib Q7 K2o BM (v, tf/tc) T?b2 bT+2 7Q` T = 8 E bT2+i`mK QM i?2 2 × 1 bm`7+2X "M/b r2`2 +H+m@
Hi2/ b /2b+`B#2/ BM i?2 i2ti 7Q` γ = 8 EX
mHi2/ MmK2`B+HHv BM A.G mbBM;  ivTB+H k K2b? Q7 kyR TQBMib +`Qbb Rf3 Q7 i?2 "`BHHQmBM xQM2-
rBi? M 2M2`;v K2b? ∼ 10 KoX hQ Q#iBM i?2 #2bi Ki+? iQ Qm` 2tT2`BK2MiH bT2+i`- r2 p`B2/
Ef0 - tf/tc- M/ v iQ Ki+? i?2 /iX h?2 #2bi Ki+? rb Q#iBM2/ #v }M/BM; i?2 bBKmHi2/ +m`p2
i?i KBMBKBx2/ i?2 2``Q` K2i`B+ δ UBM mMBib Q7 K2oV BM (v, tf/tc) T?b2 bT+2 7Q` T = 8 E bT2+@
i`mK QM i?2 2 × 1 bm`7+2X h?2 2``Q` K2i`B+ Bb δ(v, tf/tc) =
√
δFWHM2 + δ∆2- r?2`2 δFWHM
Bb i?2 /Bz2`2M+2 #2ir22M i?2 2tT2`BK2MiH M/ i?2Q`2iB+H 6q>J Q7 i?2 M2;iBp2 #Bb T2F- M/
δ∆ Bb i?2 /Bz2`2M+2 #2ir22M i?2 2tT2`BK2MiH M/ i?2Q`2iB+H pHm2b Q7 |Vpeak − Vkink|X 6B;m`2
jXRR /2MQi2b i?2 6q>J M/ i?2 ∆ Q7 i?2 2tT2`BK2MiH T = 8 E bT2+i`mK M/ BM 6B;X jXRR#
r2 b?Qr i?2 `2bmHi Q7 +H+mHiBM; δ +`Qbb HH Q7 T?b2 bT+2X h?2 irQ }iiBM; K2i`B+b- 6q>J
M/ ∆- r2`2 +?Qb2M #2+mb2 i?2v `2T`2b2Mi i?2 KQbi `2H2pMi bT2+i`Qb+QTB+ [mMiBiB2b BM i?2
dI/dV +m`p2bX h?2 #2bi Ki+? rb +?Qb2M #v +H+mHiBM; i?2 2``Q` K2i`B+ δ MmK2`B+HHv BM Ji@
H# +`Qbb HH Q7 T?b2 bT+2X 6B;X jXRk b?Qrb  KQ/2H2/ bT2+i` i?i ;`22b r2HH rBi? Qm` 2tT2`@
BK2MiH bT2+i` +[mB`2/ QM i?2 2 × 1 bm`7+2- M/ `2T`2b2Mib i?2 KBMBKBx2/ 2``Q` BM T?b2 bT+2
U6B;X jXRR#VX q2 7QmM/  ;QQ/ Ki+? mbBM; Ef0 = −3.5 K2o- v = 155 K2o- M/ tf/tc = −0.055X
AM T`iB+mH`- r2 MQi2 i?i i?2`2 2tBbib  H`;2 M2;iBp2 #Bb T2F-  /BT i i?2 62`KB H2p2H- M/ 



















v  =  155  meV
tf/tc  =  -­0.055










































6B;m`2 jXRk, .2+QKTQbBiBQM Q7 i?2 K2bm`2/ imMM2HBM; +QM/m+iM+2 BMiQ .Pa M/ BMi2`72`@
2M+2 +?MM2HbX UV aBKmHiBQM Q7 dI/dV QM i?2 2 × 1 bm`7+2 mbBM;  irQ@+?MM2H imMM2HBM; KQ/2H (dy)X
h?2 +QM/m+iBQM #M/ rb KQ/2H2/ b M 2HHBTbQB/ +2Mi2`2/ i i?2 X TQBMi BM i?2 i?`22@/BK2MbBQMH "`BH@
HQmBM xQM2 b?QrM BM i?2 BMb2i- M/ i?2 ?v#`B/Bx2/ f #M/ rb TT`QtBKi2/ b /BbT2`bBQMH2bbX h?2 KBM
72im`2b Q7 i?2 2 × 1 bT2+i` `2 r2HH@Ki+?2/ 7Q` b2H7 2M2`;B2b γc = γf = 0.7 K2o U2[mBpH2Mi iQ kBT
i i?2 K2bm`2K2Mi i2KT2`im`2 T = 8 EV- ?v#`B/Bx2/ f #M/ 2M2`;v Ef0 = −3.5 K2o- ?v#`B/BxiBQM
KTHBim/2 v = 155 K2o- M/ imMM2HBM; `iBQ tf/tc = −0.055X U#V a+H2/ +QMi`B#miBQMb iQ dI/dV 7`QK
i?2 +QM/m+iBQM #M/ U#Hm2V- f #M/ U;`22MV- M/ BMi2`72`2M+2 U`2/VX U+V aBKmHi2/ dI/dV b  7mM+iBQM Q7
tf/tc rBi? i?2 Qi?2` T`K2i2`b B/2MiB+H iQ X h?2 /QKBMMi T2F TQbBiBQM M/ b?T2 2pQHp2 /`KiB+HHv
rBi? tf/tcc i?2 /b?2/ ?Q`BxQMiH HBM2 BM/B+i2b i?2 #2bi Ki+? iQ Qm` /iX
JHib2p JQ/2H
AM //BiBQM iQ i?2 KQ/2H Q7 6B;;BMb M/ JQ`` (dy)- i?2 KQ/2H Q7 JHib2p- .x2`Q M/ *QH2KM
(d8) ?b #22M mb2/ 2ti2MbBp2Hv BM Qi?2` >6 bvbi2Kb (8y- dd) b M MHviB+H 7Q`KmH 7Q` KQ/@
2HHBM; i?2 dI/dV bT2+i` Q7 EQM/Q HiiB+2bX S`2pBQmb 2tT2`BK2MiH rQ`F ?b ii2KTi2/ iQ }i
2tT2`BK2MiH dI/dV bT2+i` iQ i?2 7Q`KHBbK Q7 JHib2p iQ 2ti`+i T`K2i2`b bm+? b i?2
#M/rB/i?- ?v#`B/BxiBQM KTHBim/2 M/ 2p2M i?2 i2KT2`im`2 /2T2M/2M+2 Q7 i?2b2 T`K2@
i2`b (8y- dd)X >Qr2p2`- r2 TQBMi Qmi  +`m+BH 2``Q` BM i?2 MHvbBb BM _27bX (8y- dd) r?B+? r2 ?p2
+Q``2+i2/- M/ mb2 Qm` `2bmHib iQ [mHBiiBp2Hv b?Qr i?2 2[mBpH2M+2 #2ir22M i?2 KQ/2H Q7 6B;;BMb
M/ JQ`` (dy)- M/ JHib2p 2i HX (d8)X
h?2 JHib2p KQ/2H Bb M MHviB+H K2M@}2H/ TT`QtBKiBQM iQ i?2 dI/dV Q7  EQM/Q Hi@
iB+2X _i?2` i?M 2tT`2bbBM; dI/dV BM i2`Kb Q7 i?2 :`22Mb 7mM+iBQMb Q7 i?2 #`2 #M/b b BM
_27X (dy) Ub22 1[MbX jX3 @ jXRyV- i?2 JHib2p KQ/2H T`2bmK2b i?i i?2 bvbi2K ?b  T`#QHB+















eV +D1 − v2eV−Ef0









r?2`2 −D1 M/ D2 `2 i?2 HQr2` M/ mTT2` +QM/m+iBQM #M/ 2/;2b- v Bb i?2 ?v#`B/BxiBQM K@
THBim/2- tf/tc Bb i?2 `iBQ Q7 i?2 imMM2HBM; KTHBim/2b- Ef0 Bb i?2 2M2`;v Q7 i?2 MQM@/BbT2`bBp2 f
#M/- M/ γ Bb i?2 b2H7@2M2`;vX AM 1[MX jXRj r2 ?p2 +Q``2+i2/  ivTQ BM i?2 Q`B;BMH _27X (d8)-
r?B+? T`QT;i2/ BMiQ _27X (8y- dd)X h?2 t2f 7+iQ` BM i?2 b2+QM/ i2`K Q7 i?2 :`22MǶb 7mM+iBQM
rb Q`B;BMHHv QKBii2/ BM _27X (d8)- #mi Bb M2+2bb`v iQ +Q``2+iHv /BK2MbBQMHBx2 i?2 2[miBQMc
Bib #b2M+2 H2/b iQ M mMT?vbB+H M2;iBp2 dI/dV BM  bm#b2i Q7 T`K2i2` bT+2X *Q``2bTQM/@
BM;Hv i?2 #b2M+2 Q7 i?2 t2f 7+iQ` H2/b iQ mMT?vbB+HHv bKHH pHm2b Q7 i?2 +QM/m+iBQM #M/rB/i?
D = 30 K2o 7Q` aK"6 `2TQ`i2/ BM _27X (8y)X AMbi2/- r2 mb2/ D1 = 1.6 2o BM ;`22K2Mi rBi?
_S1a (89)- M/ TT`QtBKi2/ D2 = 3 2o BM ;`22K2Mi rBi? G. +H+mHiBQMb (3k)- ;BpBM; 
iQiH +QM/m+iBQM #M/rB/i? Q7 2D = D1 + D2 = 4.6 2o BM #2ii2` ;`22K2Mi rBi? _S1a K2@
bm`2K2Mib (89- 88- e9)X q2 mb2/ γ = kBT 7Q` i?2 K2bm`2K2Mi i2KT2`im`2 T = 8 E M/ p`B2/
Ef0 - tf/tc- M/ v iQ Ki+? i?2 2× 1 /iX
6B;m`2 jXRj THQib bBKmHi2/ dI/dV +m`p2b i /Bz2`2Mi pHm2b Q7 v mbBM; i?2 JHib2p KQ/2HX
q2 MQi2 i?2 T`QKBM2M+2 ;BM Q7 i?`22 72im`2b, URV  M2;iBp2 #Bb T2F- UkV  TQbBiBp2 #Bb
FBMF- M/ UjV  #`Q/ 62`KB H2p2H ;T BM i?2 bBKmHi2/ +m`p2bX h?Bb Bb BM ;`22K2Mi rBi? i?2
dI/dV 7`QK Qm` /i- M/ i?2 bBKmHi2/ dI/dV mbBM; i?2 6B;;BMb KQ/2H UTHQii2/ BM 6B;X jXRj#VX
AM 6B;X jXRj r2 ?p2 THQii2/ #Qi? JHib2p UV M/ 6B;;BMb U#V i B/2MiB+H pHm2b Q7 v- tf/tc- γ-
Ef0 7Q` +QKT`BbQMX q2 }M/ i?i 7Q` i?2 #2bi@}i T`K2i2`b Q7 i?2 6B;;BMb KQ/2H BM 6B;X jXRR-
i?2 JHib2p KQ/2H ;`22b r2HH rBi? 6B;;BMb- M/ rBi? i?2 /iX 6m`i?2`KQ`2- i?2 pHm2 Q7 v
i?i r2 mb2 ?2`2 Bb +QMbBbi2Mi rBi? i?2 JHib2p T`2/B+i2/ K;MBim/2 Q7 i?2 ?v#`B/BxiBQM ;T











































6B;m`2 jXRj, *QKTmi2/ bT2+i` mbBM; i?2 JHib2p KQ/2H UV M/ i?2 6B;;BMb KQ/2H U#VX
6Q` #Qi? KQ/2Hb- r2 p`B2/ i?2 ?v#`B/BxiBQM KTHBim/2 v UH2;2M/ BM mMBib Q7 K2oV- rBi? }t2/ tf/tc =
−0.055- Ef0 = −3.5 K2o- M/ b2H7@2M2`;v γ = kBT 7Q` i?2 K2bm`2K2Mi i2KT2`im`2 T = 8 EX 6Q`
UV- b /2b+`B#2/ BM i?2 i2ti- r2 mb2/ D1 = 1.6 2o M/ D2 = 3 2oX 6Q` U#V- b /2b+`B#2/ BM i?2 i2ti-
r2 KQ/2H2/ i?2 aK 5d +QM/m+iBQM #M/ b M 2HHBTbQB/ +2Mi2`2/ i i?2 X TQBMi Q7 i?2 i?`22@/BK2MbBQMH
"`BHHQmBM xQM2- rBi? b2KB@KDQ` kF t2b 0.401(pi/a0)× 0.401(pi/a0)× 0.600(pi/a0) M/ Emin = −1.6 2oX
.Bb+mbbBQM
q2 bmKK`Bx2 i?2 bBKmHiBQM Q7 i?2 2 × 1 bm`7+2 dI/dV bT2+i` mbBM; i?2 6MQ- 6B;;BMb M/
JHib2p KQ/2Hb BM 6B;X jXR9- BM r?B+? i?2 +H+mHi2/ dI/dV Bb THQii2/ b  7mM+iBQM Q7 #Bb M/
imMM2HBM; `iBQ U6MQ T`K2i2`VX HH KQ/2Hb ;`22 QM i?2 7QHHQrBM; i?`22 KBM 72im`2b, URV i?2
`2HiBp2 T`QKBM2M+2 Q7  M2;iBp2 2M2`;v T2F 7Q` tf/tc < 0c UkV i?2 2K2`;2M+2 Q7  TQbBiBp2 2M@
2`;v T2F 7Q` tf/tc > 0c UjV i?2 T2`bBbi2M+2 Q7  /22T ;T U< 10% Q7 i?2 #+F;`QmM/ dI/dV V M2`
i?2 62`KB H2p2H +`Qbb  rB/2 `M;2 Q7 tf/tcX >Qr2p2`- i?2 6MQ KQ/2H 7BHb iQ +Tim`2 bQK2 bm#@
iH2iB2b Q7 i?2 7mHH EQM/Q HiiB+2 KQ/2Hb (8y) r?B+? `2 b22M BM i?2 /i- bm+? b i?2 #`mTi FBMF
QM i?2 TQbBiBp2 2/;2 Q7 i?2 ;T- M/ i?2 b?QmH/2` QM i?2 M2;iBp2 bB/2 Q7 i?2 T2FX
"v /2+QKTQbBM; i?2 bT2+i` BMiQ i?2 i?`22 imMM2HBM; +?MM2Hb- r2 +M BbQHi2 i?2 BMi2`72`2M+2
i2`K r?B+? Bb M 2ti`BMbB+ +QMi`B#miBQM iQ Qm` dI/dV K2bm`2K2Mi- M/ Bb mM/2bB`#H2 #2+mb2 Bi
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6B;m`2 jXR9, *QKT`BbQM Q7 6MQ- 6B;;BMb M/ JHib2p dI/dV KQ/2HbX UV dI/dV +H+mHi2/
mbBM; i?2 6MQ HBM2b?T2 rBi? w = 100 E M/ Ef0 = −3.5 K2o b  7mM+iBQM Q7 #Bb M/ 6MQ T`K2i2` qX
U#V dI/dV +H+mHi2/ mbBM; i?2 6B;;BMb M/ JQ`` KQ/2H rBi? v = 155 K2o- Ef0 = −3.5 K2o- M/ γ = kBT
+Q``2bTQM/BM; iQ i?2 K2bm`2K2Mi i2KT2`im`2 Q7 3 EX U+V dI/dV +H+mHi2/ mbBM; i?2 KQ/2H Q7 JHib2p-
.x2`Q M/ *QH2KM rBi? v = 155 K2o- Ef0 = −3.5 K2o- M/ γ = kBT +Q``2bTQM/BM; iQ i?2 K2bm`2K2Mi
i2KT2`im`2 Q7 3 EX
iF2  bi2T #2vQM/ `2+2Mi S*a `2bmHib (8y) #v b2T`i2Hv THQiiBM; i?2 b+H2/ +QKTQM2Mib Nc(V )-
2(tf/tc)Ncf (V )- M/ (tf/tc)2Nf (V ) BM 6B;X jXRk#X h?Bb HHQrb mb iQ 2tKBM2 i?2 #`2 .Pa BM i?2
Nc M/ Nf +?MM2HbX 6`QK i?2 /2+QKTQbBiBQM Q7 i?2 2 × 1 bT2+i`- r2 }M/ i?i i?2`2 Hrvb
2tBbib  M2;iBp2 2M2`;v T2F UVpV M/ TQbBiBp2 2M2`;v FBMF UVkV BM i?2 Nf +?MM2H /m2 iQ ?v@
#`B/BxiBQM- M/ i?i i?2 2M2`;v b2T`iBQM #2ir22M i?2b2 72im`2b- ∆(Nf ) = |Vp − Vk|- Bb i?2
?v#`B/BxiBQM ;T U∆hybVX 6B;m`2 jXR8 BHHmbi`i2b i?2b2 2M2`;v b+H2bX 6m`i?2`KQ`2- 7Q` tf/tc < 0-
i?2 2M2`;B2b Vp M/ Vk 7Q` Nf Q++m` i i?2 bK2 2M2`;B2b b Vp M/ Vk BM i?2 bmKK2/ dI/dV
+?MM2HX h?2`27Q`2 K2bm`BM; i?2 2M2`;v b2T`iBQM- ∆(dI/dV ) = |Vp − Vk|- BM dI/dV Bb 2[mBp@
H2Mi iQ K2bm`BM; i?2 ;T BM i?2 f @#M/ .Pa, ∆(dI/dV ) = ∆(Nf ) = ∆?v#X
lbBM; i?Bb BM7Q`KiBQM- r2 [mMiB7v i?2 ?v#`B/BxiBQM ;T /B`2+iHv 7`QK Qm` dI/dV bT2+i`mK,
∆ = 26 ± 2 K2o i T = 8 EX h?Bb K2bm`2K2Mi Bb BM i?2 KB//H2 Q7 i?2 `M;2 Q7 ?v#`B/BxiBQM
;T K2bm`2K2Mib `2TQ`i2/ BM i?2 HBi2`im`2- M/ bmKK`Bx2/ BM h#X jXRX AM T`iB+mH`- i?Bb Bb
+QMbBbi2Mi rBi?  `2+2Mi ?B;? `2bQHmiBQM _S1a K2bm`2K2Mi r?B+? mb2/ i?2`KH TQTmHiBQM Q7
TQbBiBp2 2M2`;v bii2b iQ K2bm`2 i?2 ?v#`B/BxiBQM ;T i ?B;?2` T (e9)X q2 2H#Q`i2 KQ`2 QM
i?Bb 2ti`+iBQM Q7 i?2 ?v#`B/BxiBQM ;T BM a2+iBQM jX8X
8y















6B;m`2 jXR8, J2bm`2K2Mi Q7 ∆ 7`QK dI/dV X amT2`TQb2/ M/ Qzb2i Nf M/ dI/dV +m`p2b 7`QK 6B;X
jXRkX *m`p2b ?p2 #22M Qzb2i 7Q` pBbmH +H`BivX h?2 /b?2/ HBM2b BM/B+i2 i?2 T2F Vp M/ FBMF Vk 2M2`;B2b
Q7 i?2 Nf M/ dI/dV +m`p2bX h?2 2M2`;v b2T`iBQM #2ir22M i?2b2 irQ 72im`2b Bb i?2 ;T K2bm`2K2Mi
∆X
jX9Xj EQM/Q HiiB+2 KQ/2H QM i?2 1× 1 bm`7+2
PM i?2 1 × 1 i2`KBMi2/ bm`7+2 UbT2+i`mK b?QrM BM 6B;X jX92V mbBM; i?2 i?2 KQ/2H Q7 6B;;BMb
M/ JQ`` r2 7QmM/ ;QQ/ ;`22K2Mi iQ i?2 dI/dV T2F i −28 Ko #v mbBM; v = 273 K2o- γ = 8
E- tf/tc = −0.05- M/ Ef0 = −16 K2oX h?2 `2bmHib Q7 i?Bb MHvbBb `2 b?QrM BM 6B;X jXReX q2
MQi2 i?i i?2 2ti`+i2/ pHm2 7Q` Ef0 = −16 Ko QM i?2 1× 1 bm`7+2 Bb HQr2` i?M i?2 Ef0 = −3.5
Ko QM i?2 2 × 1 bm`7+2- BM ;QQ/ ;`22K2Mi rBi? Qm` Q#b2`piBQM Q7 TQH`Biv /`Bp2M bm`7+2 #M/
#2M/BM;X 6m`i?2`KQ`2- i?2 7+i i?i i?2 ?v#`B/BxiBQM KTHBim/2 QM i?2 1 × 1 Bb H`;2` i?M QM
i?2 2× 1 bm`7+2 Uv1×1 = 273 Ko > v2×1 = 155 KoV Bb +QMbBbi2Mi rBi? Qm` +?2KB+H B/2MiB}+iBQM
Q7 i?2 bm`7+2bX q2 rQmH/ 2tT2+i i?i i?2 ?v#`B/BxiBQM Bb bi`QM;2` QM i?2 1 × 1 bm`7+2 QrBM; iQ
i?2 ?B;?2` +QM+2Mi`iBQM Q7 aK iQKb- +QKT`2/ iQ i?2 ?H7 i2`KBMi2/ 2× 1 bm`7+2X
jX8 aT2+i`Qb+QTv Q7 i?2 i2KT2`im`2 /2T2M/2Mi EQM/Q i`MbBiBQM
"2+mb2 i?2 ?v#`B/BxiBQM KMB72bib b  K2iH BMbmHiQ` i`MbBiBQM i T ∗ ∼ 50 E b b?QrM BM
6B;X jXk#- r2 T2`7Q`K2/ i2KT2`im`2 /2T2M/2Mi dI/dV bT2+i`Qb+QTv QM i?2 2 × 1 bm`7+2 iQ BM@
p2biB;i2 i?2 ?v#`B/BxiBQM T`Q+2bbX PM2 Q7 i?2 b2[m2M+2b Q7 T @/2T2M/2Mi dI/dV bT2+i` Bb b?QrM
8R
  -­100 0 100
Bias  (mV)
í í 0  100
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6B;m`2 jXRe, *QKTQM2Mib Q7 dI/dV bT2+i`Qb+QTv QM i?2 1 × 1 bm`7+2X UV dI/dV +H+mHi2/ mb@
BM; i?2 i?2 7Q`KHBbK Q7 6B;;BMb M/ JQ`` (dy)X JQ/2H T`K2i2`b `2 HBbi2/ BM i?2 i2ti, v = 273 K2o-
tf/tc = −0.05- Ef0 = −16 K2o M/ γ +Q``2bTQM/BM; iQ i?2 K2bm`2K2Mi i2KT2`im`2 Q7 3 EX q2 +H+m@
Hi2/ bT2+i` i?`Qm;?Qmi (v, tf/tc) T?b2 bT+2 M/ +?Qb2 i?2 bT2+i`mK i?i Ki+?2/ #2bi iQ i?2 2tT2`B@
K2MiH 1× 1 bT2+i`mK U6B;X jX92VX h?2 BMb2i b?Qrb i?2 KBMBKBxiBQM T`Q+2/m`2 BM T?b2 bT+2X U#V dI/dV
+QMi`B#miBQMb 7`QK i?2 +QM/m+iBQM #M/ UNc- #Hm2V- f #M/ UNf - ;`22MV- M/ BMi2`72`2M+2 UNcf - `2/VX U+V
dI/dV +H+mHi2/ #v p`vBM; tf/tc rBi? }t2/ v = 273 K2o- Ef0 = −16 M/ γ +Q``2bTQM/BM; iQ i?2 K2@
bm`2K2Mi i2KT2`im`2 Q7 3 EX
BM 6B;X jXRdX qBi? i?2 2t+2TiBQM Q7 T - HH Q7 i?2 bT2+i` b?QrM BM 6B;X jXRd r2`2 iF2M rBi? i?2
2t+i bK2 2tT2`BK2MiH +QM/BiBQMb Qp2` +H2M 2 × 1 `2;BQMbX "2ir22M T = 8 E iQ T = 50 E-
i?2 T @/2T2M/2Mi bT2+i` b?Qr  bm#biMiBH `2/m+iBQM BM bT2+i`H r2B;?i Q7 i?2 T2F@/BT 72im`2b
7`QK 3 E iQ 8y E- bm;;2biBM; i?i i?2b2 72im`2b `2~2+i i?2 EQM/Q ?v#`B/BxiBQM Q7 i?2 BiBM2`@
Mi M/ aK 4f 2H2+i`QMbX hQ #2ii2` pBbmHBx2 i?2 T @/2T2M/2Mi 2z2+i QM dI/dV - r2 MQ`KHBx2 i?2
bT2+i` iQ `2KQp2 Mv `iB7+i p`BiBQMb 7`QK z TB2xQ /`B7iX h?2 /i Bb MQ`KHBx2/ #v /BpB/BM;
i?2 bT2+i` #v  i?B`/ Q`/2` TQHvMQKBH #+F;`QmM/ b?QrM mbBM;  /b?2/ Qp2`Hv BM 6B;X jXRd#X
h?2 MQ`KHBx2/ bT2+i` b?QrM BM 6B;X jXRd+ b?Qr irQ 2z2+ib rBi? BM+`2bBM; T , URV h?2 bmTT`2b@
bBQM Q7 i?2 62`KB H2p2H /BT- M/ UkV i?2 bmTT`2bbBQM Q7 i?2 M2;iBp2 #Bb T2FX AM 7+i r2 MQi2
i?i i?2 62`KB H2p2H /BT Bb M2`Hv +QKTH2i2Hv }HH2/@BM #v T = 50 EX
jX8XR h?2 2772+i Q7 i?2`KH #`Q/2MBM;
AM //BiBQM iQ 2tT2`BK2MiH `iB7+ib- i?2`KH #`Q/2MBM; Q7 dI/dV bT2+i` rBHH bK2` 72im`2b BM
dI/dV M/ +QmH/ +mb2 i?2 T2Ff/BT bmTT`2bbBQM r2 Q#b2`p2 BM 6B;X jXRd@+X h?2`27Q`2- iQ bim/v
8k
































































































6B;m`2 jXRd, h2KT2`im`2 /2T2M/2Mi dI/dV QM 2 × 1 bm`7+2X UV _r ahJ dI/dV bT2+i`- +Q``2@
bTQM/BM; iQ i?2 b[m`2 K`F2`b BM 6B;X j/ Q7 i?2 KBM i2tiX h2KT2`im`2 /2T2M/2M+2 UBM E2HpBMV Bb b?QrM
BM i?2 H2;2M/X UVs = 100 Ko- RJ = 1 :Ω- Vrms = 1.4 KoXV U#V h?B`/ Q`/2` TQHvMQKBH #+F;`QmM/b
U/b?2/ HBM2bV bmT2`BKTQb2/ QM bQK2 Q7 i?2 `r bT2+i` b?QrM BM UVX U `2T`2b2MiiBp2 bm#b2i rb b2@
H2+i2/ iQ pQB/ Qp2`@+Hmii2`BM; i?2 BK;2XV 1+? TQHvMQKBH #+F;`QmM/ rb }i iQ i?2 +Q``2bTQM/BM; `r
bT2+i`mK 2t+Hm/BM; i?2 2M2`;v `M;2 @ey Ko < V < +20 KoX U+V LQ`KHBx2/ bT2+i` Q#iBM2/ #v /BpB/BM;
2+? `r bT2+i`mK #v Bib +Q``2bTQM/BM; }ii2/ TQHvMQKBH #+F;`QmM/ 7`QK U#VX h?2 KtBK M/ KBMBK
Q7 i?2b2 MQ`KHBx2/ bT2+i` `2 THQii2/ b #Hm2 M/ ;`22M TQBMib- `2bT2+iBp2Hv- BM 6B;X jXR3X U/V h?2`KHHv
#`Q/2M2/ MQ`KHBx2/ bT2+i`X h?2 T = 8 E MQ`KHBx2/ bT2+i`mK 7`QK U+V rb /2+QMpQHp2/ iQ T = 0
E i?2M i?2`KHHv #`Q/2M2/ iQ i?2 bBKmHi2/ i2KT2`im`2 BM/B+i2/ BM i?2 H2;2M/X JtBK M/ KBMBK
Q7 i?Bb b2[m2M+2 Q7 bT2+i` `2 THQii2/ b ;`2v HBM2b BM 6B;X jXR3X *QKT`BM; i?2 +Q``2bTQM/BM; bT2+i` BM
U+V M/ U/V b?Qrb i?i i?2 `i2 Q7 i2KT2`im`2 2pQHmiBQM Q7 i?2 /i 2t+22/b i?i 2tT2+i2/ 7`QK i?2`KH
#`Q/2MBM; HQM2X
8j
i?2 BMi`BMbB+ i2KT2`im`2 /2T2M/2M+2 Q7 i?2 dI/dV bT2+i` r2 M22/ iQ ++QmMi 7Q` i?2 i?2`KH
#`Q/2MBM; Q7 /i +[mB`2/ i /Bz2`2Mi T X h?2 2z2+i Q7 i?2`KH #`Q/2MBM; QM i?2 dI/dV bT2+@




(V, T ) =
∫
ρt(T )ρs(E, T )
d
dV
F (E − eV, T )dE ∝ ρs(V, T ) ∗ d
dV
F (V, T ) UjXR9V
>2`2 ρt M/ ρs `2 i?2 /2MbBiv Q7 bii2b Q7 i?2 iBT M/ bKTH2 `2bT2+iBp2Hv-  `2T`2b2Mib  +QMpQ@
HmiBQM- M/ i?2 /2`BpiBp2 Q7 i?2 62`KB@.B`+ /Bbi`B#miBQM Bb
d
dE





r?B+? ?b  6q>J Q7 ∼ 3.5kBT X lbBM; i?Bb 7Q`KHBbK r2 +M +?M;2 i?2 i2KT2`im`2 Q7  bT2+@
i`mK 7`QK i?2 i2KT2`im`2 i r?B+? i?2 /i rb +[mB`2/- Tdata- #v /2+QMpQHpBM; i?2 bT2+i`mK
iQ T0 = 0 E rBi? ddEF (E, Tdata)- M/ i?2M +QMpQHpBM; i?2 bT2+i`mK iQ M `#Bi``v bBKmH@
iBQM i2KT2`im`2 TsimX aT2+i` r2`2 +QMpQHp2/ M/ /2+QMpQHp2/ #v KmHiBTHvBM; M/ /BpB/BM; BM
6Qm`B2` bT+2- rBi?Qmi i?2 mb2 Q7 Bi2`iBp2 /2+QMpQHmiBQMbX b /Bb+mbb2/ #2HQr- i?2 /2+QMpQHmiBQM
QMHv `2[mB`2/ i?2 mb2 Q7 i?2 T = 8 E F2`M2H dFdE (E, T = 8K)- r?B+? /B/ MQi BMi`Q/m+2 K2MBM;7mH
/2+QMpQHmiBQM `iB7+ib BMiQ i?2 MHvbBbX
q2 mb2 i?Bb i2+?MB[m2 iQ +QKT`2 i?2 /i iQ  bBKmHi2/ b2`B2b Q7 bT2+i` r?Qb2 QMHv 2z2+i i
?B;?2` T Bb /m2 iQ i?2`KH #`Q/2MBM;X hQ Q#iBM i?Bb b2[m2M+2 Q7 bBKmHi2/ bT2+i`- r2 mb2 i?2
MQ`KHBx2/ Tdata = 8 E bT2+i`mK BM 6B;X jXRd+- i?2`KHHv /2+QMpQHp2 i?2 bT2+i`mK iQ y E M/
i?2M i?2`KHHv #`Q/2M i?2 `2bmHiMi bT2+i` iQ Tsim iQ ``Bp2 i i?2 b2`B2b Q7 bBKmHi2/ bT2+i`
i Tsim BM 6B;X jXRd/X  +QKT`BbQM #2ir22M i?2 MQ`KHBx2/ /i BM 6B;X jXRd+ rBi? i?2 bBKm@
Hi2/ /i BM 6B;X jXRd/ b?Qrb i?i i?2 T2F M/ /BT BM i?2 /i `2 #2BM; bmTT`2bb2/ i  7bi2`
`i2 i?M i?2 i?2`KH bBKmHiBQMX hQ KQ`2 +H2`Hv b?Qr i?Bb- r2 THQi i?2 KtBKmKfKBMBKmK
pHm2 Q7 i?2 MQ`KHBx2/ bT2+i` i 2+? i2KT2`im`2 rBi? i?2 KtBKmKfKBMBKmK pHm2 Q7 i?2
bBKmHi2/ bT2+i` BM 6B;X jXR3X 6B;m`2 jXR3 +H2`Hv /2KQMbi`i2b i?i i?2 T2F M/ /BT BM i?2
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6B;m`2 jXR3, h2KT2`im`2 /2T2M/2M+2 Q7 bT2+i` QM i?2 2 × 1 bm`7+2X h2KT2`im`2 /2T2M/2M+2
Q7 i?2 T2F U#Hm2V M/ /BT U;`22MV 72im`2b BM MQ`KHBx2/ dI/dV X PT2M pbX +HQb2/ bvK#QHb BM/B+i2 irQ
/Bz2`2Mi 2tT2`BK2MiH /ib2ib +[mB`2/ QM /Bz2`2Mi bKTH2b rBi? /Bz2`2Mi iBTbX h?2 bBKmHi2/ `2/m+iBQM
UBM+`2b2V BM bT2+i`H r2B;?i i i?2 T2F U/BTV /m2 iQ i?2`KH #`Q/2MBM; HQM2 `2 THQii2/ rBi? i?B+F ;`2v
HBM2b- M/ `2 bHQr2` i?M i?2 +Q``2bTQM/BM; i`2M/b BM i?2 /iX h?2 +HQb2/ K`F2`b M/ ;`2v HBM2b `2
iF2M 7`QK i?2 MQ`KHBx2/ KTHBim/2b Q7 6B;X jXRd+X h?2 HBM2` 2ti`TQHiBQM Q7 i?2 ;`22M /i mTr`/b
BM/B+i2b i?i i?2 /BT }HHb `QmM/ 88 E U#H+F QT2M +B`+H2Vc Bib 2ti`TQHiBQM /QrMr`/b BM/B+i2b i?2 2t@
Bbi2M+2 Q7 `2bB/mH +QM/m+iM+2 U`2/ QT2M +B`+H2V `QmM/ ?H7 Q7 i?2 #+F;`QmM/ +QM/m+iM+2 i T = 0 EX
h?2 MQM@pMBb?BM; M2;iBp2 #Bb T2F i T = 50 E BM/B+i2b BM+QKTH2i2 HQbb Q7 f bii2 +Q?2`2M+2 i i?i
i2KT2`im`2X
/i Ub[m`2b M/ +B`+H2bV `2 `2/m+2/ b T BM+`2b2b i  7bi2` `i2 i?M i?2 bBKmHiBQM U;`v
HBM2bVX h?Bb i`2M/ b?Qrb  i2KT2`im`2 /2T2M/2Mi `i2 2t+22/BM; i?2`KH #`Q/2MBM; M/ Bb p2`v
bm;;2biBp2 Q7 EQM/Q ?v#`B/BxiBQMX 6m`i?2`KQ`2- Bi Bb +H2` i?i i?2 62`KB H2p2H /BT Bb M2`Hv
+QKTH2i2Hv }HH2/ #v T ∼ 55 E- r?B+? Bb +QMbBbi2Mi rBi? i?2 `2TQ`i2/ T ∗ r?2`2 T`2pBQmb #mHF
2tT2`BK2Mib ?p2 Q#b2`p2/  b?`T BM+`2b2 BM `2bBbiBpBiv (9j)-  bB;M +?M;2 Q7 i?2 >HH +Q2{@
+B2Mi (99)-  +?M;2 BM i?2 K;M2iB+ bmb+2TiB#BHBiv (dk)- M/ M #`mTi +?M;2 BM aK pH2M+2 (dN)X
jX8Xk *QM+HmbBQMb 7`QK i2KT2`im`2 /2T2M/2Mi bT2+i`Qb+QTv
AM //BiBQM iQ i?2 mTr`/ T 2ti`TQHiBQM- 2ti`TQHiBQM Q7 i?2 BMi2MbBiv Q7 i?2 62`KB H2p2H /BT
iQ T = 0 E HHQrb mb iQ +?2+F r?2i?2` i?2 BM@;T bT2+i`H r2B;?i Bb +QMbBbi2Mi rBi? i?2`KH
2t+BiiBQMX 6B;m`2 jXR3 b?Qrb i?i 2p2M i x2`Q i2KT2`im`2- i?2 2ti`TQHi2/ KBMBKmK dI/dV
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Bb MQMx2`Q M/ TT`QtBKi2Hv ?H7 i?2 #+F;`QmM/ +QM/m+iM+2- BKTHvBM; i?2 T`2b2M+2 Q7 //B@
iBQMH bii2b BM i?2 ;T 2p2M i T = 0 EX h?Bb +QMi`bib rBi?  irQ@+?MM2H imMM2HBM; KQ/2H Q7 
+H2M EQM/Q BMbmHiQ` BM r?B+? i?2 ?v#`B/BxiBQM ;T b?QmH/ +QKTH2i2Hv bmTT`2bb i?2 62`KB H2p2H
imMM2HBM; +QM/m+iM+2 i T = 0 E (dy- d8)X 6m`i?2`KQ`2- mMHBF2 T`2pBQmb ahJ Q#b2`piBQMb Q7
?v#`B/BxiBQM ;T /2p2HQTK2Mi BM Qi?2` ?2pv 72`KBQM Ki2`BHb (d3- 3R- 3j)- i?2 2 × 1 bm`7+2 Q7
aK"6 Bb 7`22 7`QK [mMimK +`BiB+H ~m+imiBQMb- BKTm`BiB2b- Q` bi`m+im`H /272+ib- r?B+? rQmH/
BM+`2b2 i?2 b2H7@2M2`;v M/ KQp2 bT2+i`H r2B;?i BMiQ i?2 ;T (d9)X h?2 `2bB/mH +QM/m+iM+2
i T = 0 M/ Bib BKTHB+iBQMb 7Q` BM@;T bii2b- Bb +QMbBbi2Mi rBi? Qm` 2tT2`BK2MiH Q#b2`piBQM
Q7 `2bB/mH bT2+i`H r2B;?i BM i?2 ;T QM HH 7Qm` bm`7+2b- b b?QrM BM 6B;X jX9X AM/22/- r2 H@
rvb Q#b2`p2/ `2bB/mH x2`Q #Bb +QM/m+iM+2 BM/2T2M/2Mi Q7 i?2 KQ`T?QHQ;vX Pm` Q#b2`piBQM
Q7 x2`Q #Bb imMM2HBM; +QM/m+iM+2 Bb +QMbBbi2Mi rBi? i?2 BM@;T bm`7+2 bii2b Q7  hEA `2+2MiHv
bm;;2bi2/ #v Qi?2` 2tT2`BK2Mib (93- 8R- 89)- #mi r2 +MMQi 2t+Hm/2 i?2 TQbbB#BHBiv Q7 iQTQHQ;B+HHv
i`BpBH bm`7+2 bii2b (88- 8d)X
>pBM; bbB;M2/ i?2 i?2`KH 2pQHmiBQM Q7 i?2 T @/2T2M/2Mi bT2+i` iQ EQM/Q ?v#`B/BxiBQM- r2
+M mb2 i?2 i2+?MB[m2 Q7 6B;X jXR8 iQ K2bm`2 i?2 i2KT2`im`2 /2T2M/2M+2 Q7 i?2 ?v#`B/BxiBQM
;TX q2 ;BM bbB;M i?2 T2F@FBMF 2M2`;v b2T`iBQM Q7 Qm` 2tT2`BK2MiH dI/dV bT2+i`- ∆/i-
rBi? i?2 ?v#`B/BxiBQM ;T BM i?2 f @#M/ .Pa- ∆?v#- M/ THQi i?2 `r ;T pHm2b BM 6B;X jXRNX
>Qr2p2`- iQ b2T`i2 i?2 2z2+i Q7 i?2`KH #`Q/2MBM; 7`QK i?2 i2KT2`im`2 2pQHmiBQM Q7 ∆/i-
r2 +QKT`2 ∆/i iQ i?i Q7  i?2`KH bBKmHiBQMX h?2 i?2`KH bBKmHiBQM Bb +H+mHi2/ #v K2@
bm`BM; ∆ = |Vp − Vk| Q7 i?2 bBKmHi2/ bT2+i` /2`Bp2/ #v i?2`KHHv #`Q/2MBM; i?2 T = 8 E
bT2+i`mK iQ `#Bi``v T sim, ∆sim(T ) UbBKmHi2/ bT2+i` b?QrM BM 6B;X jXRd/VX ∆sim(T ) Bb THQi@
i2/ mbBM; bQHB/ HBM2b BM 6B;X jXRNX .2bTBi2 i?2 b+ii2`- #v +QKT`BM; ∆sim(T ) rBi? ∆data(T )- r2
Q#b2`p2 i?i Qp2`HH ∆data Bb bKHH2` i?M ∆sim- BM/B+iBp2 Q7  i2KT2`im`2 /2T2M/2Mi ;T `2/m+@
iBQMX hQ 2ti`+i i?2 i2KT2`im`2 /2T2M/2Mi ?v#`B/BxiBQM ;T- BMbi2/ Q7 2KTHQvBM; /2+QMpQHm@
iBQM Q7 i?2 ?B;?2` i2KT2`im`2 /i- r2 BMbi2/ T?2MQK2MQHQ;B+HHv [mMiB7v i?2 i`2M/ b?QrM BM
6B;X jXRNX q2 /2}M2 ∆hyb(T ) = ∆(T = 8K)+(∆data(T )−∆sim(T ))X "2+mb2 ∆data < ∆sim- ∆hyb
K2bm`2b i?2 ;T `2/m+iBQM `2HiBp2 iQ 3E- M/ 2z2+iBp2Hv `2KQp2b i?2 2z2+i Q7 i?2`KH #`Q/2M@

























































6B;m`2 jXRN, o`BiBQM Q7 i?2 ?v#`B/BxiBQM ;T b  7mM+iBQM Q7 i2KT2`im`2 QM i?2 2 × 1
bm`7+2X UV 1M2`;v b2T`iBQM U∆V #2ir22M i?2 TQbBiBp2 #Bb dI/dV FBMF M/ i?2 M2;iBp2 #Bb dI/dV
T2F i p`vBM; i2KT2`im`2X AM i?2 BMb2i r2 THQi i?2 T = 8 E bT2+i`mK b?QrM BM 6B;m`2 j M/ Qp2`Hv
/b?2/ HBM2b iQ BM/B+i2 i?2 T2F@FBMF 2M2`;v b2T`iBQM ∆X h?2 i2KT2`im`2 p`BiBQM Q7 ∆ 2ti`+i2/
7`QK i?2 /i- ∆/i Bb THQii2/ mbBM; QT2M +B`+H2bX h?2 2M2`;v Q7 i?2 T2Fb M/ FBMFb r2`2 B/2MiB}2/
7`QK i?2 }`bi M/ b2+QM/ /2`BpiBp2b Q7 i?2 dI/dV bT2+i`X _2/ M/ #Hm2 i`+2b `2~2+i irQ BM/2T2M/2Mi
i2KT2`im`2 /2T2M/2Mi /ib2ib +[mB`2/ QM /Bz2`2Mi bKTH2bX U#V >v#`B/BxiBQM ;T b  7mM+iBQM Q7
i2KT2`im`2X  #H+F /b?2/ HBM2 ?b #22M bmT2`TQb2/ b  ;mB/2 iQ i?2 2v2 iQ BHHmbi`i2 i?2 `2/m+iBQM
BM ∆hyb b  7mM+iBQM Q7 i2KT2`im`2X h?2 2``Q` #`b b?QrM `2T`2b2Mi i?2 bmK BM [m/`im`2 Q7 i?2 2M@
2`;v bT+BM; Q7 i?2 K2bm`2K2Mi M/ i?2 `Kb #Bb KQ/mHiBQM KTHBim/2 7Q` 2+? /ib2iX h?2 pHm2 Q7
∆hyb(T = 8K) = 26 ± 2 K2o `2TQ`i2/ 2`HB2` `2~2+ib i?2 p2`;2 Q7 i?2 pHm2b b?QrM BM UV Q` U#V #Qp2
rBi? TT`QT`Bi2 2``Q` T`QT;iBQMX
BM 1[MX jXR8 rb mM`2HB#H2 rBi?Qmi mbBM; /2+QMpQHmiBQM i2+?MB[m2b i?i `2[mB`2/ bbmKTiBQMb
#Qmi i?2 2tT2`BK2MiH MQBb2X 6Q` i?Bb `2bQM r2 +?Qb2 iQ mb2 i?2 T?2MQK2MQHQ;B+H /2}MBiBQM Q7
∆hyb iQ [mMiB7v i?2 bmTT`2bbBQMXV
6B;m`2 jXRN# THQib ∆hyb(T ) M/ b?Qrb i?i i?2 ;T ?b MQi +HQb2/ #v T = 50 E- i?2 `2TQ`i2/
K2iH BMbmHiQ` i`MbBiBQM BM aK"6X h?Bb 2z2+i +M 2p2M #2 b22M BM i?2 `r /i Q7 6B;X jXRd+-
r?2`2 i?2 2/;2 Q7 i?2 ;T i TQbBiBp2 #Bb UVpV /Q2b MQi b?B7i bB;MB}+MiHv rBi? T X h?Bb T`iBH
#mi BM+QKTH2i2 ;T +HQbm`2 rb `2+2MiHv Q#b2`p2/ #v MQi?2` _S1a `2bmHi (e9)- r?2`2 i?2v T`Q@
TQb2/ i?i i?2 8y E K2iH BMbmHiQ` i`MbBiBQM Bb +mb2/ #v i?2 KQp2K2Mi Q7 i?2 #M/b `2HiBp2
iQ i?2 62`KB H2p2H- `i?2` i?M ∆hyb → 0 i 8y EX
8d
h?2 /2+QKTQbBiBQM Q7 dI/dV BM a2+iBQM jX9 HHQrb mb iQ #2ii2` mM/2`biM/ i?2 i2KT2`im`2
2pQHmiBQM Q7 i?2 dI/dV bT2+i` 7`QK i?2 2 × 1 bm`7+2- b?QrM BM 6B;bX jXRd- jXR3X 6`QK i?2 /2@
+QKTQbBiBQM- i?2 /BT `2T`2b2Mib i?2 ;T BM i?2 .Pa 7`QK ?v#`B/BxiBQM- r?BH2 i?2 T2F i @3
K2o `2T`2b2Mib i?2 T2F /m2 iQ i?2 BMi2`72`2M+2 M/ i?2 .Pa Q7 i?2 f #M/X h?2`27Q`2 i?2 /`@
KiB+ `2/m+iBQM BM BMi2MbBiv Q7 i?2 @3 K2o T2F i 8y E bi2Kb 7`QK `2/m+iBQM Q7 #Qi? i?2 f
#M/ +Q?2`2M+2 U/2+`2bBM; Nf V M/ i?2 +QM+QKBiMi BMi2`72`2M+2 2z2+i U/2+`2bBM; Ncf V b
i?2 ?v#`B/BxiBQM r2F2MbX >Qr2p2`- i?2 r2F `2bB/mH T2F i T = 50 E /2KQMbi`i2b i?i
i?2 HQbb Q7 f #M/ +Q?2`2M+2 Bb biBHH BM+QKTH2i2 i i?i i2KT2`im`2- BM ;`22K2Mi rBi? `2+2Mi
_S1a K2bm`2K2Mib (e9)X J2Mr?BH2- i?2 KQ`2 +QKTH2i2 2HBKBMiBQM Q7 i?2 62`KB H2p2H /BT
M2` T = 50 E +QmH/ `Bb2 7`QK  +QK#BMiBQM Q7 T`iBH +HQbm`2 Q7 i?2 ?v#`B/BxiBQM ;T U6B;X
jXRNV- b r2HH b #`Q/2MBM; Q7 i?2 Nc M/ Nf +?MM2H UM/ ++QKTMvBM; Ncf V BMiQ i?2 ;T-
HbQ BM ;`22K2Mi rBi? `2+2Mi _S1a K2bm`2K2Mib (e9)X h?2 bi`QM; i2KT2`im`2 /2T2M/2M+2
Q7 #Qi? T2F M/ /BT i?i 2t+22/b i?2`KH #`Q/2MBM;- b r2HH b i?2 ;`22K2Mi Q7 Qm` 2ti`+i2/
;T@}HHBM; i2KT2`im`2 `QmM/ ∼ 55 E rBi? #`mTi T`QT2`iv +?M;2b `2TQ`i2/ #v Qi?2` i2+?@
MB[m2b (9j- 99- dk- dN)- bm;;2bib i?i Qm` K2bm`2/ i2KT2`im`2 /2T2M/2Mi dI/dV bT2+i` `2~2+i
i?2 EQM/Q ?v#`B/BxiBQM BM aK"6X
jXe .Bb+mbbBQM Q7 KBM `2bmHib
q2 #`B2~v /Bb+mbb i?2 BKTHB+iBQMb Q7 Qm` rQ`F QM T`2pBQmb aK"6 imMM2HBM; 2tT2`BK2Mib- aK"6
_S1a 2tT2`BK2Mib M/ i?2 bim/v Q7 EQM/Q BMbmHiQ`b BM ;2M2`HX
PM HH bm`7+2b i?2 ahJ@K2bm`2/ dI/dV bT2+i` U6B;bX jX92@?V +QMbBbi2MiHv b?Qr  /QKBMMi
T2F QM i?2 }HH2/ bii2 bB/2- BM +QMi`bi iQ ShafS*a K2bm`2K2Mib- r?B+? b?Qr  /QKBMMi
T2F BM dI/dV QM i?2 2KTiv bii2 bB/2 (8y- ej)X S`2pBQmb iQ Qm` rQ`F- i?2 ShafS*a K2bm`2@
K2Mib r2`2 TmxxHBM;Hv BM /Bb;`22K2Mi rBi? i?2 2tT2+i2/ HBM2b?T2 7Q` i?2 #`2 ?v#`B/Bx2/ .Pa
Nc(V ) M/ Nf (V ) 2tT2+i2/ 7Q` M 2H2+i`QM@HBF2 5d +QM/m+iBQM #M/ (9k- 8kĜ8d- e8- ee)X hQ mM/2`@
biM/ i?Bb +QMi`bi- r2 MQi2 i?i dI/dV /2T2M/b QM Nc(V ) M/ Nf (V )- r?B+? `2 BMi`BMbB+ T`QT@
2`iB2b Q7 i?2 aK"6 bm`7+2- M/ QM i?2 `iBQ tf/tc- r?B+? Bb M 2ti`BMbB+ T`QT2`iv Q7 i?2 imMM2H
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DmM+iBQMX h?2 /2T2M/2M+2 Q7 dI/dV QM tf/tc BM 6B;X jXRk+ HHQrb mb iQ +QM+Hm/2 i?i M 2KTiv
bii2 T2F BM dI/dV `Bb2b QMHv r?2M tf/tc > 0X 6Q` i?Bb `2;BK2 r2 }M/ i?i Ncf (V ) /QKBMi2b
dI/dV M/ KbFb i?2 #`2 .Pa #v //BM;  TQbBiBp2 #Bb T2F M/  bmTT`2bbBQM i i?2 62`KB
H2p2H- b b?QrM BM 6B;X jXR9X h?2 62`KB H2p2H /BT BM ShafS*a /i (8y- ej) Kv i?2`27Q`2 `2T`2@
b2Mi M 2M2`;v `M;2 Q7 /2bi`m+iBp2 BMi2`72`2M+2- M/ MQi M2+2bb`BHv i?2 BMi`BMbB+ ?v#`B/BxiBQM
;TX h?2 `2HiBp2 T`QKBM2M+2 Q7 i?2 }HH2/ bii2 T2F BM HH Qm` ahJ K2bm`2K2Mib /2KQMbi`i2b
i?2 +QMbBbi2Mi /QKBMM+2 Q7 i?2 #`2 .Pa M/ i?2 bB;MB}+M+2 Q7 i?2 ahJ@Q#b2`p2/ bT2+i`H ;T
b `2T`2b2MiiBp2 Q7 i?2 i`m2 ?v#`B/BxiBQM ;TX 6m`i?2`KQ`2- i?`Qm;?Qmi i?2 tf/tc < 0 imMM2HBM;
`2;BK2 i?i Ki+?2b Qm` ahJ K2bm`2K2Mib- i?2 KQ/2H2/ /Bz2`2MiBH +QM/m+iM+2 Bb pMBb?BM;Hv
bKHH rBi?BM i?2 ?v#`B/BxiBQM ;T- BM +QMi`bi iQ i?2 BM@;T bT2+i`H r2B;?i r2 Q#b2`p2 QM HH
7Qm` bm`7+2bX
Pm` bTiBHHv `2bQHp2/ ahJ K2bm`2K2Mib Q7 /BbiBM+i 2H2+i`QMB+ bi`m+im`2 QM i?2 b2p2`H bm`@
7+2 KQ`T?QHQ;B2b Q7 aK"6 `2 +QMbBbi2Mi rBi? 2tBbiBM; _S1a K2bm`2K2Mib- M/ +M `2+QM+BH2
bQK2 TT`2Mi /Bb+`2TM+B2b #2ir22M i?2K (8kĜ8d- e9- ee)X q2 2tT2+i i?i KQbi _S1a 2tT2`B@
K2Mib- rBi? ivTB+H ∼?mM/`2/@KB+`QM bTQi bBx2- rBHH b?Qr KQK2MimK@`2bQHp2/ +QMi`B#miBQMb 7`QK
#Qi? i?2 aK@i2`KBMi2/ 1×1 M/ 2×1 KQ`T?QHQ;B2b U6B;bX jX9@#V- M/ TQbbB#Hv i?2 iQT 72r Hv@
2`b Q7 i?2 #mHF- #mi MQi 7`QK i?2 irQ /BbQ`/2`2/ KQ`T?QHQ;B2b r?2`2 k Bb  TQQ` [mMimK MmK@
#2` U6B;bX jX9+@/VX .2T2M/BM; QM i?2 7`+iBQMH +QKTQbBiBQM Q7 i?2 +H2p2/ bm`7+2 bi`m+im`2- b
r2HH b i?2 T?QiQM 2M2`;v- /2Ti? T`Q#2/- M/ /2i2+iQ` `2bQHmiBQM- _S1a Kv Q#b2`p2 i?2 bT@
iBH p2`;2 Q7 i?2 @k3 K2o M/ @3 K2o ?v#`B/Bx2/ f #M/b 7`QK i?2 irQ aK@i2`KBMi2/ bm`7+2b
b  bBM;H2 /BbT2`bBM; (e9) Q` #`Q/2M2/ f #M/ i BMi2`K2/Bi2 2M2`;v (8jĜ88- ee)- Q` b QM2 (8d)
Q` irQ (8k- 8e) b2T`i2 bii2bX AM i?2 Hii2` b+2M`BQ- i?2 @3 K2o ?v#`B/Bx2/ f #M/ ?b #22M BM@
i2`T`2i2/ b M ǵBM@;TǶ bii2 (8k- 8e)X >Qr2p2`- r2 MQi2 i?i  iQTQHQ;B+H BM@;T bii2 rQmH/ #2
2tT2+i2/ iQ bTM i?2 mTT2` M/ HQr2` ?v#`B/Bx2/ #M/b- M/ i?mb rQmH/ TT2` b +QMiBMmQmb
bT2+i`H r2B;?i }HHBM; i?2 ?v#`B/BxiBQM ;T- `i?2` i?M b  b?`T T2F i  bT2+B}+ 2M2`;v b
+HBK2/ BM _27bX (8k- 8e)X AM/22/- r2 +QMbBbi2MiHv Q#b2`p2 #`Q/ BM@;T bT2+i`H r2B;?i QM HH bm`@
7+2b i?i +QmH/ #2 +QMbBbi2Mi rBi? BM@;T bii2bX
qBi? i?2b2 }`bi iQKB+HHv `2bQHp2/ bT2+i`Qb+QTB+ K2bm`2K2Mib QM aK"6- r2 T`QpB/2  ;2M@
8N
2`H M2r T`/B;K 7Q` BMi2`T`2iBM; EQM/Q ?v#`B/BxiBQM- M/ Hv i?2 bT2+B}+ ;`QmM/rQ`F 7Q` mM@
/2`biM/BM; hEAbX 6B`bi- Qm` 2tTHB+Bi /2+QKTQbBiBQM Q7 i?2 K2bm`2/ imMM2HBM; +QM/m+iM+2 BMiQ
.Pa pbX BMi2`72`2M+2 +?MM2Hb T`QpB/2b M BMimBiBp2 rv iQ mM/2`biM/ imMM2HBM; K2bm`2K2Mib
Q7 EQM/Q ?v#`B/BxiBQM BM  #`Q/ +Hbb Q7 ?2pv 72`KBQM Ki2`BHb (8y- dd- d3- 3R- 3j)X a2+QM/- r2
+QM}`K i?i aK"6 Bb  EQM/Q BMbmHiQ`- #v mbBM; i?Bb /2+QKTQbBiBQM iQ `2p2H i?2 7mHH f #M/
?v#`B/BxiBQM ;T- bTMMBM; i?2 62`KB H2p2H- QM HH 7Qm` Q#b2`p2/ bm`7+2 KQ`T?QHQ;B2bX Pm` i2K@
T2`im`2 /2T2M/2Mi bT2+i`Qb+QTv QM i?2 MQMTQH` 2 × 1 bm`7+2 TQBMib iQ i?2 ?v#`B/BxiBQM ;T
}`bi +`QbbBM; i?2 62`KB H2p2H `QmM/ T ∗ ∼ 55 E- BM ;`22K2Mi rBi? T`2pBQmb #mHF K2bm`2K2MibX
>Qr2p2`- i HQr T - i?2 TT`2Mi #`Q/2MBM; Q7 bii2b BMiQ i?2 ;T bB;MB}+MiHv 2t+22/b i?i 2t@
T2+i2/ 7Q` i?2 b2H7 2M2`;v Q7 3 E- BM/B+iBM; i?i i?2`2 Kv #2 M BM/2T2M/2Mi bQm`+2 Q7 bii2b
rBi?BM i?2 ;TX Pm` ?vTQi?2bBb Bb BM HBM2 rBi? i?2 _S1a 2tT2`BK2Mib i?i ?p2 b?QrM 2pB/2M+2
Q7 UMQi M2+2bb`BHv iQTQHQ;B+HV bm`7+2 bii2bX h?B`/- Qm` Q#b2`piBQM Q7 i?2 ?v#`B/Bx2/ f #M/
b?B7ib #2ir22M TQH` M/ MQM@TQH` +H2p2/ bm`7+2b Q7 aK"6 `2p2Hb i?2 /`KiB+HHv /Bz2`2Mi
2H2+i`QMB+ 2MpB`QMK2Mib BM r?B+? i?2 T`2/B+i2/ iQTQHQ;B+H bm`7+2 bii2 Kmbi 2tBbiX h?2Q`2iB+H
KQ/2HBM; Q7 #mHF #M/ b?B7ib- bm`7+2 bii2b- M/ ?v#`B/BxiBQM 7Q` /Bz2`2Mi bm`7+2 i2`KBMiBQMb
Bb m`;2MiHv M22/2/X Pm` rQ`F T`QpB/2b i?2 MMQb+H2 bT2+i`Qb+QTB+ /2iBHb M2+2bb`v 7Q` mM/2`@
biM/BM; i?2 }`bi bi`QM;Hv +Q``2Hi2/ iQTQHQ;B+H BMbmHiQ`X
ey
4
AKTm`Biv BM/m+2/ T?b2 b2T`iBQM M/
b+ii2`BM; BM "B2−x62xa23
_2+2Mi rQ`F QM i?2 iQTQHQ;B+H BMbmHiQ` "B2a23 ?b 7Q+mb2/ QM /QTBM; "B2a23 iQ KQp2 i?2 +?2K@
B+H TQi2MiBH BMiQ i?2 #mHF ;T M/ BM/m+BM; 72``QK;M2iBbK mbBM; K;M2iB+ i`MbBiBQM K2iH
2H2K2MibX AM i?Bb +?Ti2`- r2 T`2b2Mi 2tT2`BK2MiH `2bmHib QM "B2a23 /QT2/ rBi? i?2 i`MbBiBQM
K2iH 62X q2 Q#b2`p2 M BKTm`Biv T?b2 b2T`iBQM r?B+? TQBMib iQ i?2 /B{+mHiv Q7 mMB7Q`KHv
/QTBM; 62 BMiQ "B2a23X h?2 62 BKTm`BiB2b 7Q`K  b+ii2`BM; +2Mi2` 7`QK r?B+? r2 Q#b2`p2 b+i@
i2`BM; Q7 i?2 haa M/  i`BpBH bm`7+2 bii2 i ?B;?2` 2M2`;B2b i?M T`2pBQmbHv 2tT2+i2/- r?B+? Bb
bmTTQ`i2/ #v /2MbBiv 7mM+iBQMH i?2Q`v +H+mHiBQMbX
eR
9XR AMi`Q/m+iBQM
_2+2Mi BMi2`2bi BM i?2 M2rHv /Bb+Qp2`2/ iQTQHQ;B+H BMbmHiQ` UhAV Ki2`BHb ?b #22M /`Bp2M #v
i?2 Tmb? iQ 2M;BM22` MQp2H /2pB+2b miBHBxBM; i?2 mMB[m2 +?`+i2`BbiB+b Q7 hAbX AM hAb- bi`QM; bTBM@
Q`#Bi BMi2`+iBQMb +mb2   #M/ BMp2`bBQM i?i H2/b iQ  MQMi`BpBH #M/ iQTQHQ;v- M/ K2iH@
HB+ iQTQHQ;B+H bm`7+2 bii2b UhaaV i?i bTM i?2 #mHF #M/ ;T (RĜ9)X h?2 haa TQbb2bb mMB[m2
+?`+i2`BbiB+b- MK2Hv bTBM@KQK2MimK HQ+FBM;- r?B+? H2/b iQ mMB[m2 T`QT2`iB2b i?i +M #2
2tTHQBi2/ 7Q` TQi2MiBH TTHB+iBQMb BM bTBMi`QMB+b- i`MbBbiQ`b Q` BM MQp2H [mMimK +QKTmiBM; /2@
pB+2b (kĜ9)X
_2+2Mi 2tT2`BK2MiH 2zQ`ib ?p2 7Q+mb2/ QM KMBTmHiBM; i?2 T`QiQivTB+H hA "B2a23 BM ?QT2b
Q7 `2HBxBM; MQp2H iQTQHQ;B+H /2pB+2bX "v imMBM; i?2 K;M2iB+ BMi2`+iBQMb- 7Q` 2tKTH2 pB K;@
M2iB+ /QTMib- "B2a23 Bb T`2/B+i2/ iQ 2Mi2`  72``QK;M2iB+ T?b2 r?B+? #`2Fb i?2 iBK2 `2p2`bH
bvKK2i`v M/ iQTQHQ;B+H +?`+i2` Q7 i?2 bm`7+2 bii2b (39- 38)X  MmK#2` Q7 bim/B2b ?p2 7Q@
+mb2/ ii2MiBQM QM mbBM; 62 iQ /QT2 "B2a23 (3eĜNR)X >Qr2p2`- MmK2`Qmb mM`2bQHp2/ [m2biBQMb
`2KBM `2;`/BM; "B2−x62xa23- BM+Hm/BM; r?2i?2`  ;T QT2Mb i i?2 .B`+ TQBMi (3e- 33- 3N)- i?2
2z2+i Q7 i`BpBH k. bm`7+2 bii2b (33- Ny)- M/ r?2i?2` i?2 ;`Qri? +QM/BiBQMb BM #mHF "B2−x62xa23
+`vbiHb T2`KBi  mMB7Q`K 72``QK;M2iB+ T?b2 (Nk)X PM MQi?2` 7`QMi- i?2 7#`B+iBQM Q7 /2pB+2b-
bm+? b }2H/ 2z2+i i`MbBbiQ`b- mbBM; "B2a23 ?p2 T`Q/m+2/ T`QKBbBM; BMBiBH `2bmHib (Nj)X q?BH2
i?2 #M/ bi`m+im`2 Q7 i?2 Q++mTB2/ bii2b Bb r2HH bim/B2/- mM/2`biM/BM; i?2 2z2+i Q7 TTHvBM; 
TQbBiBp2 #Bb ;i2 iQ "B2a23 Bb +QKTHB+i2/ #v i?2 H+F Q7 bT2+i`Qb+QTB+ bim/B2b i 2M2`;B2b #Qp2
i?2 62`KB H2p2HX _2+2Mi bim/B2b ?p2 2p2M TQBMi2/ iQ  r2Hi? Q7 mM2tTHBM2/ T?vbB+b i H`;2
TQbBiBp2 #Bb2b- BM+Hm/BM; iQTQHQ;B+HHv i`BpBH k.1:b (N9- N8)- M/ M //BiBQMH .B`+ +QM2 (Ne-
Nd)X
9XRXR amKK`v Q7 _2bmHib
a+MMBM; imMM2HBM; KB+`Qb+QTv ?b #22M mb2/ iQ ;`2i 2z2+i BM i?2 bim/v Q7 hAb- M/ ?b #22M
mb2/ iQ BK;2 MMQb+H2 2H2+i`QMB+ p`BiBQMb BM "B2a23 (N3)- /QTMi BM/m+2/ +?`;2 BM?QKQ;2M2@
Biv (NN) M/ haa b+ii2`BM; T`Q+2bb2b (j8- RyyĜRyk)X AM i?Bb +?Ti2` r2 `2TQ`i QM  bim/v Q7 #mHF
ek
/QT2/ +`vbiHb Q7 "B2−x62xa23 mbBM; b+MMBM; imMM2HBM; KB+`Qb+QTv UahJV M/ bT2+i`Qb+QTvX q2
Q#b2`p2/  bm`T`BbBM; K+`Qb+QTB+ T?b2 b2T`iBQM Q7 i?2 62 /QTMib BMiQ 62@/QT2/ M/ mM/QT2/
`2;BQMb Q7 "B2a23X h?Bb /QTMi b2;`2;iBQM Bb HBF2Hv /m2 iQ BM?QKQ;2M2Qmb HQ+H ;`Qri? +QM/BiBQMb
`2Hi2/ iQ i?2 HQ+H MBQMf+iBQM ;`Qri? +QM/BiBQMbX q2 mb2/ 6Qm`B2` i`Mb7Q`K b+MMBM; imM@
M2HBM; bT2+i`Qb+QTv iQ `2bQHp2 irQ [mbBT`iB+H2 b+ii2`BM; KQ/2b BM i?2 mMQ++mTB2/ bii2b BM M
2M2`;v `M;2 yXe8 iQ yX38 2o #Qp2 i?2 .B`+ TQBMiX q2 }M/ i?i i?2 irQ b+ii2`BM; KQ/2b `2
b2T`i2/ #v yXR 2o- M/ `2 +mb2/ #v i?2 aa M/ i?2 iQTQHQ;B+HHv i`BpBH [mMimK r2HH bii2
UZqaV `2bT2+iBp2HvX "Qi? b+ii2`BM; KQ/2b ?p2  p2HQ+Biv Q7 vq = 1.1 ± 0.3 2o ³- r?B+? Bb 3×
HQr2` i?M i?2 p2HQ+Biv i i?2 .B`+ TQBMi (Ryj)- M/ Bb 2tTHBM2/ #v Qm` }MBi2 bH# /2MbBiv 7mM+@
iBQMH i?2Q`v U.6hV +H+mHiBQMbX Pm` `2bmHib b?Qr i?i i?2 iQTQHQ;B+H bm`7+2 bii2 `2KBMb
[mMiBx2/ 7`QK i?2 #mHF iQ ?B;?2` 2M2`;B2b i?M 2tT2+i2/ (Ry9)- M/ TQBMi iQ i?2 BKTQ`iMi 2z2+i
Q7 Zqa QM i?2 haa BM "B2a23X
9XRXk 1tT2`BK2MiH J2i?Q/b
q2 bim/B2/ "B2−x62xa23 bBM;H2 +`vbiHb rBi? MQKBMH 62 /QTBM; Q7 x = 0.03- x = 0.07- M/ mM@
/QT2/ "B2a23 bBM;H2 +`vbiHbX aKTH2 T`2T`iBQM K2i?Q/b M/ i?2 +?`+i2`BxiBQM Q7 i?2 +`vb@
iHb ?b #22M /2b+`B#2/ BM T`2pBQmb rQ`F (Ry8- Rye)X h?2 bBM;H2 +`vbiHb r2`2 +H2p2/ HQM; i?2
UyyRV /B`2+iBQM- BM +`vQ;2MB+ p+mmK i 40 E M/ BKK2/Bi2Hv BMb2`i2/ BMiQ i?2 ahJX h?2 UyyRV
Q`B2MiiBQM rb +QM}`K2/ #v K2bm`BM; bi2T ?2B;?ib i?i r2`2 BMi2;2` KmHiBTH2b Q7 i?2 ?2B;?i Q7
 "B2a23 [mBMimTH2 Hv2` UZGV- b b?QrM BM 6B;X 9XRX
.2MbBiv 7mM+iBQMH i?2Q`v U.6hV +H+mHiBQMb r2`2 T2`7Q`K2/ mbBM; i?2 HBM2`Bx2/ m;K2Mi2/@
THM2@rp2 K2i?Q/ BM i?2 qA1LkE T+F;2b (Ryd)- rBi? bi`m+im`H T`K2i2`b 7`QK w?M; 2i
HX (Ry9)X aTBM@Q`#Bi BMi2`+iBQM Bb BM+Hm/2/ b  b2+QM/ p`BiBQMH bi2T mbBM; b+H`@`2HiBpBbiB+
2B;2M7mM+iBQMb b  #bBbc 2t+?M;2 M/ +Q``2HiBQM 2z2+ib `2 i`2i2/ rBi?BM i?2 ;2M2`HBx2/ ;`@
/B2Mi TT`QtBKiBQM (Ryd)X
ej


























(b)(a) a0=  0.41  nm
hvdW = 0.24 nm
6B;m`2 9XR, *`vbiH bi`m+im`2 M/ +?`+i2`BxiBQM Q7 "B2−x62xa23X UV a+?2KiB+ +`vbiH bi`m+@
im`2 Q7 "B2a23X hrQ [mBMimTH2 Hv2`b UZGV Q7 "B2a23 `2 b?QrM- rBi? i?2 i?`22 HiiB+2 Q`B2MiiBQMb Q7 2+?
Q7 i?2 bm#Hv2`b- /2bB;Mi2/ @"@*X h?2 Mim`H +H2p;2 THM2 Bb #2ir22M i?2 irQ ZGb- r?B+? rBHH 2tTQb2
 a2 i2`KBMi2/ Hv2` BM 2+? ?H7X U#V hQTQ;`T?v Q7 +H2p2/ bm`7+2 Q7 "B2−x62xa23 Qp2` M 3y MK t 3y
MK }2H/ Q7 pB2rX 6Qm` iQKB+HHv ~i i2``+2b `2 pBbB#H2X UT = 4.4 Ec Vs = 800 Koc DmM+iBQM `2bBbiM+2
RJ = 80 :ΩXV U+V >2B;?i T`Q}H2 iF2M HQM; i?2 /b?2/ `2/ HBM2 Q7 U#VX h?2 b2T`iBQM Q7 i?2 i2``+2b Bb
BM BMi2;`H KmHiBTH2b Q7 i?2 ?2B;?i Q7 R ZG Q7 "B2a23X
9Xk AKTm`Biv T?b2 b2T`iBQM
h?2 KDQ`Biv Q7 i?2 +H2p2/ "B2−x62xa23 bm`7+2b r2 bim/B2/ r2`2 iQKB+HHv ~i Qp2` i H2bi Ry
@ Ryy MK H2M;i? b+H2b Ub22 6B;X 9XkVX 6B;m`2 9Xk# b?Qrb  ivTB+H dI/dV bT2+i`mK Q7 "B2−x62xa23
rBi?  .B`+ TQBMi i V = −350 Ko- +QMbBbi2Mi rBi? T`2pBQmb K2bm`2K2Mib (3N)X *QKT`2/ iQ
i?2 .B`+ TQBMi QM  T`BbiBM2 "B2a23 bm`7+2 UbT2+i`mK b?QrM BM #Hm2 BM 6B;X 9Xk#V- "B2−x62xa23
?b  .B`+ TQBMi i?i Bb 8y Ko HQr2`- BM ;`22K2Mi rBi? T`2pBQmb rQ`F b?QrBM; i?i 62 Bb M
2H2+i`QM /QMQ` (3d- Ny)X hQTQ;`T?B+ BK;2b Q7 "B2−x62xa23 +[mB`2/ QM i?2 ~i i2``+2b `2p2H2/
KmHiBTH2 bT2+B2b Q7 i?`22@7QH/ bvKK2i`B+ BKTm`BiB2b- b b?QrM BM 6B;m`2 9Xk-+X 6QHHQrBM; i?2
rQ`F Q7 aQM; 2i HX (3d)- mbBM; i?2 iQTQ;`T?B+ BK;2b BM 6B;X 9Xk-+ r2 +M B/2MiB7v i?2 BKTm@
`BiB2b #b2/ QM i?2 bBx2 Q7 i?2 BKTm`Biv M/ Bib HiiB+2 Q`B2MiiBQMX 6B;m`2 9XR b?Qrb i?i 2+?
bm#Hv2` Q7 i?2 "B2a23 +`vbiH Hi2`Mi2b #2ir22M M - " Q` * HiiB+2 Q`B2MiiBQMX 6m`i?2`KQ`2-
i?2 /22T2` i?2 BKTm`Biv Bb rBi?BM i?2 +`vbiH- i?2 H`;2` Bib bTiBH 2ti2Mi QM i?2 iQTKQbi a2
Hv2` (Ry3)X h?2b2 irQ 7+ib HHQr mb iQ B/2MiB7v i?2 BKTm`Biv #v Bib T?b2 `2HiBp2 iQ i?2 iQT@
KQbi a2 Hv2` M/ Bib p2`i2t@p2`i2t H2M;i?X 6`QK i?2 iQKB+HHv `2bQHp2/ BK;2b Q7 6B;X 9Xk+- i?2
e9
`2/ +B`+H2/ /`F i`BM;mH` BKTm`Biv Bb Qmi Q7 T?b2 rBi? i?2  HiiB+2- M/ ?b  p2`i2t@p2`i2t
H2M;i? Q7 1a0X q2 B/2MiB7v Bi b  62 bm#biBimiBQM 7Q`  "B iQK BM i?2 Rbi UiQTKQbiV "B bm#Hv2`-
/2MQi2/ 62"BRX h?2 Q`M;2 +B`+H2/ i`BM;mH` BKTm`Biv Bb BM T?b2 rBi? i?2 iQTKQbi a2 HiiB+2-
M/ ?b  p2`i2t@p2`i2t H2M;i? Q7 3a0- r?B+? H2/b mb iQ B/2MiB7v Bi b  "B iQK BM i?2 kM/ "B
bm#Hv2`- /2MQi2/ 62"BkX q2 MQi2 i?i rBi? QM2 2t+2TiBQM- b?QrM BM ;`22M BM 6B;bX 9Xk-+ r?B+?
r2 /Bb+mbb Hi2`- HH Q7 i?2 Qi?2` BKTm`BiB2b BM 6B;bX 9Xk-+ `2 +QMbBbi2Mi rBi? M/ r2`2 B/2MiB}2/
BM T`2pBQmb rQ`F (3d)X h?2 T`2b2M+2 Q7 "B bm#biBimiBQMH BKTm`BiB2b M/ i?2 #b2M+2 Q7 a2 p+M@
+B2b Bb +?`+i2`BbiB+ Q7 Qi?2` ahJ iQTQ;`T?B2b Q7 hJ@/QT2/ "B2a23 +QKTQmM/b (Ny- N3- RyN)
M/ Bb BM ;`22K2Mi rBi? i?2Q`2iB+H KQ/2Hb (RRyĜRRk)X >Qr2p2`- BM +QMi`bi iQ T`2pBQmb rQ`F
i?i bim/B2/ "B2−x62xa23 i?BM@}HKb (3d)- BM Qm` /QT2/ +`vbiHb i?2 /2MbBiv Q7 /272+ib BM 6B;X 9Xk
Un ∼ 0.04 MK−2V Bb HQr2` i?M i?2 MQKBMH +QM+2Mi`iBQM #v KQ`2 i?M  7+iQ` Q7 RyX h?Bb KBb@
Ki+? +QmH/ #2 2tTHBM2/ #v Qm` Q#b2`piBQM Q7 /QTMi +Hmbi2`BM; b b?QrM BM 6B;X 9Xk/- r?B+?
rQmH/ `2bmHi BM M BM?QKQ;2M2Qmb /Bbi`B#miBQM Q7 62 /QTMibX
PM i?2 bK2 "B2−x62xa23 +H2p2/ bm`7+2 #mi b2T`i2/ #v > 10 µK- r2 +[mB`2/ iQTQ;`T?B+
BK;2b rBi?  /Bz2`2Mi /272+i /Bbi`B#miBQM- b b?QrM BM 6B;X 9XjX a2 p+M+B2b- b?QrM b #`B;?i
i`BM;mH` BKTm`BiB2b U;`22M +B`+H2b BM 6B;X 9XjV- `2 i?2 /QKBMMi BKTm`BiB2b BM i?Bb Qi?2` `2;BQM-
b QTTQb2/ iQ i?2 62"BR BKTm`BiB2b i?i /QKBMi2 BM 6B;X 9XkX AM 7+i- i?`Qm;?Qmi i?2 ∼ 1 µK
`2 `QmM/ i?2 `2;BQM b?QrM BM 6B;X 9Xj+- r2 /B/ MQi }M/ Mv Q7 i?2 62 BKTm`BiB2b B/2MiB}2/ #v
aQM; 2i HX (3d)X q2 p2`B}2/ Qm` B/2MiB}+iBQM Q7 i?2 ;`22M +B`+H2/ BKTm`BiB2b b a2 p+M+B2b #v
+QKT`BM; i?2 BKTm`BiB2b BM 6B;X 9Xj iQ i?2 a2 p+M+B2b (RRj) BM M mM/QT2/ "B2a23 iQTQ;`T?B+
BK;2- b b?QrM BM 6B;X 9Xj#X h?2 bBKBH` /272+i /Bbi`B#miBQM BM 6B;bX 9Xj M/ 9Xj# bm;;2bib i?i
i?2 `2;BQM b?QrM BM 6B;X 9Xj Bb M mM/QT2/ TQ`iBQM Q7 i?2 "B2−x62xa23 +`vbiHX _2+2Mi +H+mH@
iBQMb (RRR- RRk) ?p2 bm;;2bi2/ i?i i?2 HHQr2/ BKTm`BiB2b BM "B2a23 /2T2M/ b2MbBiBp2Hv QM i?2
ivT2 Q7 /QTMi M/ r?2i?2` i?2 +`vbiH Bb ;`QrM BM  "B Q` a2 `B+? 2MpB`QMK2MiX "2+mb2 62 Bb
i?2 bKHH2bi Q7 i?2 i`MbBiBQM K2iH UhJV "B2a23 /QTMib- i?2 bBx2 KBbKi+? #2ir22M 62 M/ "B
KF2b Bi `2HiBp2Hv /B{+mHi iQ /QT2 (RRR)X b b?QrM BM 6B;X 9Xj+- /QTBM; 62 BMiQ "B2a23 Bb QMHv 7@
pQ`2/ BM a2@`B+? +QM/BiBQMb (RRR) r?B+? HbQ BM?B#Bib i?2 7Q`KiBQM Q7 a2 p+M+B2b (RR9-RR8)X GBF2@
















































6B;m`2 9Xk, *?`+i2`BxiBQM Q7 "B2−x62xa23 Ux = 0.07VX UV hQTQ;`T?v Q7 30 × 30 MK2 }2H/ Q7
pB2r +[mB`2/ i T = 4.6 E- Vs = 1 o- Is = 20 TX _2/ +B`+H2b ?B;?HB;?i 62"BR BKTm`BiB2bX U#V dI/dV
bT2+i` +[mB`2/ QM i?2 "B2−x62xa23 bm`7+2 b?QrM BM `2/- M/ i?2 "B2a23 bm`7+2 b?QrM BM #Hm2X h?2
KBMBKmK BM 2+? bT2+i`mK Bb BM/B+i2/ rBi? i?2 `2/ U@j8y KoV M/ #Hm2 U@jyy KoV /b?2bX h?2 bT2+i`
?p2 #22M b+H2/ M/ Qzb2i 7Q` +H`BivX "B2−x62xa23 bT2+i`mK +[mB`2/ i T = 4.4 E- Vs = 0.5 o- Is = 200
T- V`Kb = 14 KoX "B2a23 bT2+i`mK +[mB`2/ i T = 8.2 E- Vs = 0.4 o- Is = 400 T- V`Kb = 10
KoX U+V A/2MiB}+iBQM Q7 62 BKTm`BiB2bX hQTQ;`T?B+ BK;2 Q7  16.8 × 16.8 MK2 +[mB`2/ i T = 4.4 E-
Vs = 500 Ko- Is = 100 T- B = 0 hX h?`22 ivT2b Q7 BKTm`BiB2b i?i r2`2 T`2pBQmbHv B/2MiB}2/ (3d) `2
?B;?HB;?i2/, URV 62"BR- B/2MiB}2/ BM `2/- Bb  62 bm#biBimiBM; 7Q`  "B BM i?2 kM/ bm#bm`7+2 Hv2` i?i ?b
M " Q`B2Mi2/ HiiB+2 Ub22 6B;X 9XRVc UkV 62"Bk B/2MiB}2/ BM Q`M;2- Bb  62 bm#biBimiBM; 7Q`  "B BM i?2 9i?
bm#bm`7+2 Hv2` i?i ?b M  Q`B2Mi2/ HiiB+2 Ub22 6B;X 9XRVc UjV 62BMi2` Bb M BMi2`biBiBH 62 BKTm`BivX h?2
hvT2  BKTm`Biv- B/2MiB}2/ BM ;`22M- ?b MQi #22M T`2pBQmbHv `2TQ`i2/ (3d- Ny)X U/V ambT2+i2/ 62 +Hmbi2` BM















































6B;m`2 9Xj, J+`Qb+QTB+ T?b2 b2T`iBQM Q7 BKTm`BiB2b BM "B2−x62xa23 hQTQ;`T?v Q7 30 × 30
MK2 }2H/ Q7 pB2r Q7 "B2−x62xa23 Ux = 0.07V UV- M/ "B2a23 U#VX P`M;2 +B`+H2b ?B;?HB;?i a2 p+M+B2b-
r?B+? `2 +QKKQM iQ mM/QT2/ "B2a23X u2HHQr +B`+H2b ?B;?HB;?i  MiBp2 /272+i i?i +QmH/ #2  a2"B MiB@
bBi2X LQKBMH /QTMi +QM+2Mi`iBQM BM/B+i2/ BM i?2 #QiiQK H27i Q7 2+? TM2HX 1tT2`BK2MiH +QM/BiBQMb
7Q` iQTQ;`T?v, UV T = 4.4 E- Vs = 0.5 o- Is = 50 Tc U#V T = 2.2 E- Vs = 0.4 o- Is = 30 T U+V
h?2 /2T2M/2M+2 Q7 BKTm`Biv 7Q`KiBQM QM ;`Qri? +QM/BiBQMbX 6B;m`2 /Ti2/ 7`QK _27X (RRR)X µa2 Bb i?2 a2
+?2KB+H TQi2MiBH- M/ i?2 7` H27i BM/B+i2b "B `B+? ;`Qri? +QM/BiBQMb- r?BH2 i?2 7` `B;?i bB/2 BM/B+i2b a2
`B+? ;`Qri? +QM/BiBQMbX
M BM?QKQ;2M2Qmb "B2−x62xa23 ;`Qri? T`Q+2bb r?2`2 BKTm`BiB2b b2;`2;i2 /2T2M/BM; QM i?2 HQ+H
+iBQMfMBQM 2MpB`QMK2Mi- `2bmHiBM; BM  p2`v BM?QKQ;2M2Qmb 62 /Bbi`B#miBQM BM i?2 +`vbiHX
9Xj ZmMimK r2HH bii2 BM/m+2/ b+ii2`BM;
q2 MQr /Bb+mbb `2bmHib 7`QK Qm` bim/B2b Q7 i?2 62@/QT2/ `2;BQMb Q7 "B2−x62xa23X
9XjXR P#b2`piBQM Q7 ZmbBT`iB+H2 BMi2`72`2M+2
.2bTBi2 i?2 r2F r`TBM; Q7 i?2 *1*b i?i HBKBib i?2 Q#b2`piBQM Q7 [mbBT`iB+H2 BMi2`72`2M+2
UZSAV BM "B2a23 (Ryj- RRe)- BM i?2 62@/QT2/ `2;BQMb bBKBH` iQ 6B;X 9Xk-+ r2 Q#b2`p2/ irQ b+i@
i2`BM; KQ/2b i Vs > 0.3 oX AM 6B;X 9X9 r2 b?Qr  iQTQ;`T?B+ BK;2 Q7  `2;BQM r?2`2 r2
Q#b2`p2/ ZSAX h?2 /BbiBM;mBb?BM; 72im`2 Q7 i?Bb `2;BQM Bb i?2 ?B;? +QM+2Mi`iBQM Q7  H`;2 BK@
Tm`Biv- r?B+? r2 MK2 ǳhvT2 Ǵ- i?i iQ Qm` FMQrH2/;2 ?b MQi #22M T`2pBQmbHv `2TQ`i2/ BM
"B2−x62xa23 Q` Qi?2` hJ@/QT2/ "B2a23 +QKTQmM/bX b b?QrM BM 6B;X 9X8-2- i?2 hvT2  BK@
Tm`BiB2b `2 H`;2 b+ii2`BM; +2Mi2`b- rBi?  p2`i2t iQ p2`i2t /BbiM+2 Q7 6a0 = 2.4 MKX h?2 bT2+@









6B;m`2 9X9, 62@/QT2/ `2;BQM rBi? ZSAX hQTQ;`T?B+ BK;2 Q7  30 × 30 MK2 `2;BQM Q7 "B2−x62xa23
r?2`2 ZSA rb Q#b2`p2/ UT = 6 E- Vs = 0.6 o- Is = 30 TVX `2 ?b  ?B;? +QM+2Mi`iBQM Q7 hvT2 
BKTm`BiB2b-  bm#b2i Q7 r?B+? `2 +B`+H2/ BM ;`22MX
/2`;Q2b  T?b2 BMp2`bBQM BM dI/dV BK;2b i ∼ 400 KoX 6B;X 9X82 b?Qrb i?i i?2 +2Mi2` Q7 i?2
hvT2  BKTm`Biv Bb +2Mi2`2/ QM  HiiB+2 bBi2 Q7 i?2 iQTKQbi a2 HiiB+2X h?2`27Q`2- #2+mb2 Q7 Bib
H`;2 bBx2 M/ Bib HiiB+2 Q`B2MiiBQM #2BM; BM T?b2 rBi? i?2 iQTKQbi a2 HiiB+2- i?2 hvT2  +QmH/
#2 M BMi2`biBiBH BKTm`Biv bBiiBM; BM i?2 ?QHHQr #2ir22M i?2 a2 Hv2`b i?i KF2 mT i?2 pM /2`
qHb Up/qV ;TX
h?2 hvT2  BKTm`Biv b2`p2/ b  ?B;? KTHBim/2 b+ii2`BM; +2Mi2`- HHQrBM; mb iQ BK;2 [mbB@
T`iB+H2 BMi2`72`2M+2 7`QK i?2 bm`7+2 bii2bX h?2 irQ [mbBT`iB+H2 b+ii2`BM; KQ/2b `2 b?QrM
BM 6B;X 9XeX h?2 HQr2` 2M2`;v KQ/2- q1- /BbT2`b2b #2ir22M jyy Ko iQ 9ky Ko U6B;X 9Xe@2V- r?BH2
i?2 ?B;?2` 2M2`;v KQ/2- q2 /BbT2`b2b #2ir22M 9jy Ko iQ 8ky Ko U6B;X 9XeF@QVX AM i?2 dI/dV
KTb Q7 6B;X 9Xe- i?2 ZSA +M #2 b22M b rp27`QMib i?i b+ii2` Qz Q7 i?2 hvT2  BKTm`BiB2b-
M/ /BbT2`b2 rBi? 2M2`;vX hQ #2ii2` pBbmHBx2 i?2 b+ii2`BM;- r2 +QKTmi2/ i?2 6Qm`B2` i`Mb7Q`K
Q7 i?2 `2H bT+2 dI/dV KTb Q7 6B;X 9Xe- r?B+? b?Qrb i?i #Qi? q1 U6B;X 9Xe7@DVM/ q2 U6B;X 9XeT@
iV /BbT2`b2 BM i?2 Γ@J /B`2+iBQMX q2 MQi2 i?i ZSA rb QMHv Q#b2`p2/ BM `2;BQMb rBi?  ?B;? /2M@
bBiv Q7 hvT2  BKTm`BiB2b- M/ r2 /B/ MQi Q#b2`p2 b+ii2`BM; BM i?2 Γ@E /B`2+iBQMX
h?2 /BbT2`bBQM Q7 i?2 b+ii2`BM; KQ/2b HQM; i?2 bvKK2i`v /B`2+iBQMb Bb b?QrM BM 6B;X 9Xd-
r?B+? THQib i?2 BMi2MbBiv Q7 i?2 6h@dI/dV KTb b?QrM BM 6B;X 9Xe HQM; i?2 ?B;? bvKK2i`v /B@
`2+iBQMbX q?BH2 i?2 q1 M/ q2 KQ/2b `2 pBbB#H2 BM i?2 `r 6Qm`B2` i`Mb7Q`K HBM2+mib Q7 6B;X 9Xd-


































6B;m`2 9X8, *?`+i2`BxiBQM Q7 hvT2  BKTm`BivX hQTQ;`T?B+ BK;2 UV M/ bbQ+Bi2/ dI/dV
+QM/m+iM+2 KTb i BM/B+i2/ #Bb U#V @ U/V UT = 4.4 E- Vs = 500 Ko- Is 4 Ryy T- V`Kb = 14 Ko-
B = 9 hVX U2V >B;? `2bQHmiBQM iQTQ;`T?v Q7 hvT2  BKTm`BivX _2/ /Qib M/ /b?2/ HBM2 ?p2 #22M Qp2`@
HB/ b ;mB/2b iQ i?2 2v2 iQ BHHmbi`i2 i?2 BMi2`MH bi`m+im`2 Q7 i?2 BKTm`BivX h?2 p2`i2t iQ p2`i2t H2M;i?
Q7 i?2 BKTm`Biv Bb 2t+iHv 6a0 UT = 4.4 E- Vs = 500 Ko- Is 4 Ryy T- B = 0 hVX U7V dI/dV bT2+i`mK
+[mB`2/ QM i?2 p2`i2t Q7 i?2 BKTm`Biv b?QrM BM UVX h?2 bT2+i`mK QM i?2 p2`i2t ?b #22M MQ`KHBx2/ #v
 bT2+i`mK iF2M BM i?2 #+F;`QmM/ rv 7`QK BKTm`BiB2bX hrQ T`QKBM2Mi T2Fb `2 b22M i ∼ 110 Ko




(i) 430  mV (g) 360  mV (h) 370  mV (j) 390  mV(i) 380  mV












(i) 430  mV (q) 440  mV (r) 450  mV (t) 470  mV(s) 460  mV













6B;m`2 9Xe, ZmbBT`iB+H2 BMi2`72`2M+2 BM "B2−x62xa23X a+ii2`BM; Q7 i?2 q1 KQ/2 b?QrM BM U@DV-
M/ i?2 q2 KQ/2 b?QrM BM UF@iVX U@2Vc UF@QV, dI/dV KTb i i?2 BM/B+i2/ #Bb Qp2` i?2 30 × 30 MK2
`2;BQM b?QrM BM 6B;X 9X9 UT = 6 E- Vs = 0.6 o- Is = 300 T- V`Kb = 7 KoVX  r?Bi2 ``Qr Bb Qp2`HB/ Qp2`
i?2 BK;2b iQ b?Qr i?i b i?2 2M2`;v Bb BM+`2b2/ i?2 rp27`QMi KQp2b iQr`/b i?2 BKTm`BivX U7@DVc UT@iV,
6Qm`B2` i`Mb7Q`K dI/dV KTb i i?2 BM/B+i2/ #Bb UT = 6 E- Vs = 0.6 o- Is = 300 T- V`Kb = 5 KoVX
h?2 6Qm`B2` i`Mb7Q`Kb r2`2 iF2M Qp2` 60 × 60 MK2 `2;BQMb 2M+QKTbbBM; i?2 `2;BQMb b?QrM BM U@2V- M/
UF@QV- `2bT2+iBp2HvX  r?Bi2 ``Qr Bb bmT2`TQb2/ iQ b?Qr i?i b 2M2`;v BM+`2b2b i?2 b+ii2`BM; rp2p2+iQ`





































600      
6B;m`2 9Xd, a+ii2`BM; HBM2+mib BM bvKK2i`v /B`2+iBQMbX GBM2+mib Q7 6Qm`B2` i`Mb7Q`K dI/dV bT2+@
i`Qb+QTv KT b?QrM BM 6B;X 9XeX GBM2+mib `2 iF2M BM i?2 UV Γ@J M/ U#V Γ@E /B`2+iBQMbX h?2 /Bz2`2M+2
Q7 i?2 irQ BK;2b ;Bp2b i?2 /i THQii2/ BM 6B;X 9X3- r?B+? ?B;?HB;?ib i?2 q1 M/ q2 Γ@J b+ii2`BM; KQ/2bX
h?2 dI/dV KTb r2`2 MQ`KHBx2/ #v 2M2`;v Hv2`- 6Qm`B2` i`Mb7Q`K2/ M/ bBt@7QH/ bvKK2i`Bx2/ HQM; 
"`;; /B`2+iBQMX
i2MbBiv Q7 i?2 b+ii2`BM; KQ/2bX h?2`27Q`2 iQ #2ii2` /BbTHv q1 M/ q2- r2 KBMBKBx2/ i?2 2z2+i
Q7 i?Bb HQM; rp2H2M;i? BbQi`QTB+ #+F;`QmM/ #v bm#i`+iBM; i?2 BMi2MbBiv Q7 i?2 6h@dI/dV KTb
BM i?2 Γ@J /B`2+iBQM UI(qΓ−M )V 7`QK i?2 BMi2MbBiv BM i?2 Γ@E /B`2+iBQM UI(qΓ−K)VX q2 i?2M THQi
i?Bb [mMiBiv UI(qΓ−M ) − I(qΓ−K)V b  7mM+iBQM Q7 #Bb pQHi;2 Vs M/ rp2p2+iQ` q BM 6B;m`2
9X3X h?2 [mMiBiv I(qΓ−M ) − I(qΓ−K)- +?B2p2b i?2 2z2+i Q7 KBMBKBxBM; i?2 BbQi`QTB+ +QKTQM2Mi
Q7 i?2 HQM;@rp2H2M;i? #+F;`QmM/X 6B;m`2 9X3 +H2`Hv b?Qrb irQ b+ii2`BM; KQ/2b, q1 #2ir22M
jyy @ 9ky Ko #Bb- M/ q2 #2ir22M 9jy @ 8ky Ko #Bb- rBi? bBKBH` bHQT2b M/ M 2M2`;v b2T`@
iBQM ∼ 0.1 2oX
9XjXk S`K2i2`b Q7 i?2 b+ii2`BM; KQ/2b
M 2tKBMiBQM Q7 6B;X 9X3 b?Qrb i?i #Qi? q1 M/ q2 #`mTiHv 2M/ i irQ rp2H2M;i?b, q =
0.2 ³−1 M/ q = 0.3 ³−1X h?2 #`mTi +mi@Qz Q7 i?2 q1 M/ q2 KQ/2b +M #2 mM/2`biQQ/ #v mM@















0.1 0.2 0.3 0.4
I(Q
Г-M ) - I(Q





6B;m`2 9X3, a+ii2`BM; KQ/2b BM "B2−x62xa23X 6Qm`B2` HBM2+mi b?QrBM; q1 M/ q2 b+ii2`BM; KQ/2bX
h?2 6Qm`B2` BMi2MbBiv Q7  HBM2+mi BM i?2 Γ@J /B`2+iBQM Bb bm#i`+i2/ #v i?2 6Qm`B2` BMi2MbBiv Q7  HBM2+mi
BM i?2 Γ@E /B`2+iBQM 7Q` i?2 6h@dI/dV KTb b?QrM BM 6B;X 9XdX h?2 bmT2`TQb2/ #H+F +B`+H2b M/ 2``Q`
#`b `2 i?2 `2bT2+iBp2 +2Mi2` M/ biM/`/ /2pBiBQM Q7 :mbbBM }ib iQ i?2 BMi2MbBiv i 2+? #Bb Ub22
6B;X 9XNVX h?2 i?B+F #H+F HBM2 Bb  HBM2` #2bi }i iQ i?2 #H+F +B`+H2b- 7`QK r?B+? r2 2ti`+i i?2 b+ii2`BM;
p2HQ+BiB2b, v1 = 1.28± 0.39 2o ³- v2 = 1.06± 0.32 2o ³X
dk
l = 24.2 ³ Ki+?2b r2HH rBi? i?2 p2`i2t@p2`i2t H2M;i? Q7 i?2 hvT2  BKTm`Biv b+ii2`BM; +2Mi2`b
l = 6a0 = 2.4 MKX J2Mr?BH2- i?2 HQr rp2p2+iQ` +miQz q = 0.20 ³−1 → l = 36.3 ³ Ki+?2b r2HH
rBi? i?2 p2`;2 BKTm`Biv b2T`iBQM
√
n−1 = 5.2 MK- r?2`2 n Bb i?2 Q#b2`p2/ /272+i /2MbBivX
h?2`27Q`2 i?2 H2M;i? b+H2b 7`QK i?2 bBx2 Q7 hvT2  b+ii2`BM; +2Mi2`- M/ i?2 /272+i /2MbBiv- +M
[mMiBiiBp2Hv 2tTHBM i?2 `2bi`B+i2/ q@bT+2 `M;2 Q7 q1 M/ q2X
hQ [mMiB7v i?2 /BbT2`bBQM- r2 }`bi T2`7Q`K2/ :mbbBM }ib iQ i?2 6Qm`B2` BMi2MbBiv Q7 6B;X
9X3 i 2+? #BbX 6B;m`2 9XN b?Qrb  bm#b2i Q7 i?2 rp2p2+iQ` T`Q}H2b i }t2/ 2M2`;B2b i?i r2`2
2ti`+i2/ 7`QK I(qΓ−M ) − I(qΓ−K) b b?QrM BM 6B;X 9X3X :mbbBM }ib iQ 2+? rp2p2+iQ` T`Q@
}H2 `2 Qp2`HB/ QM iQT Q7 i?2 /i BM 6B;m`2 9XN M/ i?2 +2Mi2`b M/ biM/`/ /2pBiBQMb Q7 i?2
:mbbBMb `2 Qp2`HB/ QM i?2 b+ii2`BM; /i BM 6B;X 9X3X hQ K2bm`2 i?2 p2HQ+BiB2b Q7 q1 M/ q2-
r2 }i i?2 +2Mi2`b Q7 i?2 :mbbBMb iQ E = vq + E0 M/ 2ti`+i2/ i?2 p2HQ+Biv 7`QK i?2 #2bi }i
T`K2i2`b iQ i?2 /iX q2 7QmM/ i?2 p2HQ+Biv Q7 q1, v1 = 1.28 ± 0.39 2o ³- M/ i?2 p2HQ+Biv
Q7 q2, v2 = 1.06 ± 0.32 2o ³- r?2`2 i?2 2``Q` #`b `2T`2b2Mi +QM}/2M+2 BMi2`pHb Q7 i?2 }iiBM;X
h?2 HBM2` }ib iQ i?2 2ti`+i2/ b+ii2`BM; KQ/2 +2Mi2`b `2 bmT2`BKTQb2/ QM i?2 /i BM 6B;X 9X3X
h?2 }iiBM; H2/b iQ irQ BMi`B;mBM; Q#b2`piBQMb i?i r2 //`2bb BM i?2 `2KBM/2` Q7 i?Bb +?Ti2`X
6B`biHv- i?2 b+ii2`BM; p2HQ+BiB2b Q7 q1 M/ q2- vq ∼ 1.1 − 1.3 2o ³- `2 bm#biMiBHHv `2/m+2/ 7`QK
i?2 #M/ p2HQ+Biv i i?2 .B`+ TQBMi UvD = 3.5 2o ³V (Ryj)X a2+QM/Hv- i?2 p2HQ+BiB2b Q7 q1 M/ q2
`2 2[mH rBi?BM 2``Q`- #mi i?2 KQ/2b i?2Kb2Hp2b `2 Qzb2i BM 2M2`;v #v ∼ 100 KoX
9X9 ZmMimK q2HH aii2b BM "B2−x62xa23
9X9XR 1pB/2M+2 7Q` ZmMimK q2HH aii2b
Pm` Q#b2`piBQM Q7 irQ 2M2`;v Qzb2i T`HH2H /BbT2`bBM; KQ/2b Bb ?`/ iQ 2tTHBM #b2/ Qz Q7
b+ii2`BM; 7`QK  bBM;H2 #M/- #mi +QmH/ #2 2tTHBM2/ mbBM; irQ #M/b b2T`i2/ BM 2M2`;v #v
∼ 0.1 2oX AM/22/- _S1a 2tT2`BK2Mib ?p2 Q#b2`p2/ //BiBQMH [mMiBx2/ #M/b b2T`i2/ 7`QK
i?2 haa #v  +QKT`#H2 2M2`;v b+H2X h?2b2 #M/b `2 k /BK2MbBQMH Zqa (N8- RRdĜRky)- r?Qb2
Q`B;BM Bb mM+H2` #mi ?b #22M `2TQ`i2/ #v KmHiBTH2 ;`QmTbX M _S1a BMi2MbBiv KT iF2M 7`QK
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6B;m`2 9XN, :mbbBM }ib Q7 i?2 q1 M/ q2 rp2p2+iQ`bX i 2+? #Bb UBM/B+i2/ #Qp2 i?2 bm#TM@
2HbV- AUΓ@JV@AUΓ@EV 7`QK 6B;X 9X3 Bb THQii2/ rBi? #Hm2 +B`+H2b- M/ Bb }ii2/ iQ  :mbbBM U`2/ HBM2V rBi? 
+QMbiMi Qzb2iX h?2 +2Mi2` Q7 i?2 :mbbBM q0 M/ i?2 biM/`/ /2pBiBQM σ Q7 i?2 }i `2 b?QrM BM 2+?




































6B;m`2 9XRy, ZmMimK r2HH bii2b BM "B2a23X UV _S1a BMi2MbBiv KT b?QrBM; Zqa BM/m+2/ #v
E /bQ`TiBQM QMiQ i?2 "B2a23 bm`7+2X h?2 2M2`;v b2T`iBQM Bb QM i?2 Q`/2` Q7 ∼ 0.1 2oX 6B;m`2 /Ti2/
7`QK /i BM _27X (RRd)X U#V "M/ #2M/BM; b  K2+?MBbK iQ BM/m+2 ZqaX h?2 +QM/m+iBQM #M/ U*"V
KBMBKmK M/ pH2M+2 #M/ Uo"V KtBKmK `2 b?B7i2/ BM 2M2`;v /QrMr`/b #v dV i i?2 bm`7+2 `2HiBp2
iQ i?2 #mHFX .QrMr`/ #M/ #2M/BM; Q7 i?2 *" +`2i2b  TQi2MiBH r2HH- `2bmHiBM; BM [mMimK r2HH bii2b
U`2/ M/ ;`22MVX U+V 1tTMbBQM Q7 pM /2` qHb ;T b  K2+?MBbK iQ BM/m+2 ZqaX b i?2 b2T`iBQM
h #2ir22M i?2 iQTKQbi ZG M/ i?2 +`vbiH BM+`2b2b- i?2 2H2+i`QMb i i?2 bm`7+2 #2+QK2 KQ`2 p2`iB+HHv
+QM}M2/ H2/BM; iQ ZqaX
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h?2 Zqa Bb +QKKQMHv #2HB2p2/ iQ `Bb2 7`QK 2Bi?2`, URV #M/ #2M/BM; +mb2/ #v bm`7+2
/bQ`#Mib (N8- RRdĜRkk)- Q` UkV bi`m+im`H bvKK2i`v +mb2/ #v  pM /2` qHb ;T 2tTM@
bBQM (Rkj- Rk9)X 6B;X 9XRy#-+ b?Qr +`iQQMb BHHmbi`iBM; #Qi? K2+?MBbKbX AM i?2 #M/ #2M/BM;
b+2M`BQ- M bvKK2i`v i i?2 bm`7+2 +mb2b M 2H2+i`QbiiB+ TQi2MiBH ;`/B2Mi MQ`KH iQ i?2
bm`7+2X h?2 TQi2MiBH ;`/B2Mi b?B7ib i?2 2M2`;B2b Q7 i?2 #M/b b  7mM+iBQM Q7 /2Ti?- b b?QrM
BM 6B;X 9XRy#- +mbBM;  TQi2MiBH r2HH iQ 7Q`K M2` i?2 bm`7+2X h?2 #QmM/ bii2b Q7 i?Bb TQi2M@
iBH r2HH `2 i?2 k@/BK2MbBQMH [mMimK r2HH bii2bX AM i?2 pM /2` qHb Up/qV ;T 2tTMbBQM
b+2M`BQ- M 2tTMbBQM Q7 i?2 p/q ;T BbQHi2b i?2 iQTKQbi ZG 7`QK i?2 #mHF- +QM}MBM; i?2 2H2+@
i`QMb BM i?2 iQT ZGX A7 i?2 p/q Bb 2tTM/2/ #v KQ`2 i?M ∼ 0.24 − 0.48 ³ (Rkj)- Zqa `2 BM@
/m+2/ i i?2 bm`7+2X AM Qm` +b2- r2 +MMQi /Bb+QmMi 2Bi?2` b+2M`BQX q2 Q#b2`p2/ i?i i?2 hvT2
 BKTm`BiB2b `2 +?`;2/ bm`7+2 BKTm`BiB2b- r?B+? rQmH/ bmTTQ`i  #M/ #2M/BM; Q`B;BM iQ i?2
ZqaX Hi2`MiBp2Hv- i?2 2ti`2K2 BM?QKQ;2M2Biv Q7 i?2 /QTMib- BM+Hm/BM; bm`7+2 +Hmbi2`b rBi? 
?2B;?i U∼ 1 ³V i?i 2t+22/b i?2 i?`2b?QH/ pM /2` qHb ;T 2tTMbBQM- TQBMib HbQ iQ  bi`m+@
im`H Q`B;BM Q7 i?2 ZqaX
_2;`/H2bb Q7 i?2 bT2+B}+ K2+?MBbK- r2 7m`i?2` pHB/i2/ i?2 T`2b2M+2 Q7 Zqa #v }M/BM;
bT2+i`Qb+QTB+ 2pB/2M+2 7`QK dI/dV bT2+i`X AM 6B;X 9XRR r2 b?Qr bTiBHHv p2`;2/ dI/dV bT2+@
i` Qp2`  `M;2 Q7 #Bb r?2`2 r2 Q#b2`p2/ ZSA- M/ i  p`B2iv Q7 /Bz2`2Mi 2tT2`BK2MiH +QM/B@
iBQMbX AM HH +b2b- r2 Q#b2`p2/ FBMFb BM i?2 bT2+i`- BM/B+i2/ rBi? ;`2v p2`iB+H #`b- r?B+? `2
bB;Mim`2b Q7 i?2 haa M/ i?2 ZqabX h?Bb +QM+HmbBQM Bb bmTTQ`i2/ #v Qm` KQ/2HBM;- BM r?B+? r2
T2`7Q`K2/ /2MbBiv 7mM+iBQMH i?2Q`v U.6hV +H+mHiBQMb- b b?QrM BM 6B;X 9XRkX 6B;X 9XRk b?Qrb
i?i 7Q`  `M;2 Q7 bH# i?B+FM2bb2b- i?2 .Pa `2bmHiBM; 7`QK i?2 +H+mHi2/ .6h #M/b b?Qrb
FBMFb QM iQT Q7 M BM+`2bBM; #+F;`QmM/ .PaX h?2`27Q`2 r2 bbQ+Bi2 i?2 FBMFb rBi? i?2 T`2b@
2M+2 Q7 #`mTi +?M;2b BM i?2 #M/ bi`m+im`2 /m2 iQ i?2 QMb2i Q7 ZqaX 6`QK i?2 .6h +H+mH@
iBQMb i?2 .B`+ TQBMi #2+K2 ;TT2/ 7Q` N ≤ 4- M/ bQ r2 +?Qb2 iQ 7Q+mb QM +H+mHiBQMb rBi?
 i?B+FM2bb N ≥ 5 ZG #2+mb2 Bi rb i?2 bBKTH2bi bvbi2K i?i T`2b2`p2/ i?2 .B`+ /2;2M2`+v
BM Qm` +H+mHiBQMb Ur2 rBHH Hi2` b?Qr i?i N = 5 HbQ b2H7@+QMbBbi2MiHv `2T`Q/m+2/ i?2 2M2`;v
b2T`iBQM #2ir22M q1 M/ q2 KQ/2b @ b22 a2+X 9X9XjVX
AM 6B;m`2 9XRj r2 bmKK`Bx2 i?2 ;`22K2Mi #2ir22M Qm` .6h +H+mHiBQMb M/ i?2 ?B;? #Bb
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6B;m`2 9XRR, >B;? #Bb dI/dV b?QrBM; FBMFb /m2 iQ ZqabX dI/dV bT2+i` r2`2 +[mB`2/ i i?2
HBbi2/ 2tT2`BK2MiH +QM/BiBQMb- rBi? p`vBM; DmM+iBQM `2bBbiM+2 R = Vs/IsX h?2 DmM+iBQM `2bBbiM+2 Bb
2tTQM2MiBHHv /2T2M/2Mi QM i?2 iBT@bKTH2 b2T`iBQMX :`2v #`b `2 Qp2`HB/ iQ b?Qr i?2 TT`QtBKi2
TQbBiBQMb Q7 FBMFb BM i?2 bT2+i`- r?B+? r2 B/2MiB7v b bB;Mim`2b Q7 i?2 haa M/ ZqabX h?2 2M2`;v FBMFb
`2 +QMbBbi2Mi +`Qbb bT2+i` iF2M rBi? /Bz2`2Mi 2tT2`BK2MiH +QM/BiBQMb- #Qi? BM M/ Qmi Q7 K;M2iB+
}2H/X 1tT2`BK2MiH +QM/BiBQMb MQi HBbi2/ BM i?2 H2;2M/, #Hm2 UVs = 600 Ko- V`Kb = 5 KoV- `2/ UVs = 400























































































6B;m`2 9XRk, .6h +H+mHiBQMb i /Bz2`2Mi bH# i?B+FM2bb2bX UV@U+V, .6h #M/b i p`vBM; ZG
i?B+FM2bb2bX U/V@U7V, *H+mHi2/ .Pa i p`vBM; ZG i?B+FM2bb2bX .b?2/ p2`iB+H HBM2b BM U/V@U7V `2 i?2
;mB/2b BHHmbi`iBM; i?2 2M2`;B2b Q7 i?2 FBMFb BM i?2 .PaX >Q`BxQMiH HBM2b BM UV@U+V Ki+? i?2 `2bT2+iBp2
2M2`;B2b Q7 i?2 FBMFb BM U/V@U7VX *H+mHiBQMb 7Q` i?2 .6h #M/b r2`2 +QM/m+i2/ rBi?  Km+? }M2` k@K2b?
i?M i?2 .Pa +H+mHiBQMb BM U/V@U7VX 8ZG .Pa +H+mHiBQM Q7 U/V rb T2`7Q`K2/ rBi?  +Q`b2 k@K2b?
+QKT`#H2 iQ U2V-U7V- #mi H2bb r2HH `2bQHp2/ +QKT`2/ iQ 6B;bX 9XRj- 9XR9X h?2 2z2+iBp2 2M2`;v `2bQHmiBQM Q7
U/V@U7V Bb kR K2o- ek K2o- M/ de K2o `2bT2+iBp2HvX
dd













































6B;m`2 9XRj, 1pB/2M+2 7Q` [mMimK r2HH bii2b BM dI/dV bT2+i`Qb+QTvX UV SQbBiBp2 ?B;? #Bb
dI/dV bT2+i`mK b?Qrb i?`22 T`QKBM2Mi T2Fb i jky- 988 M/ 8e8 KoX h?2 BMb2i b?Qrb i?2 bT2+i`mK
7i2` `2KQpBM;  i?B`/ Q`/2` TQHvMQKBH #+F;`QmM/X aT2+i`mK rb +[mB`2/ #v bTiBHHv p2`;BM; i?2
bT2+i` +[mB`2/ Qp2`  36 × 21 MK2 `2;BQM i T = 6 E- B = 9 h- Vs = 0.7 o- Is = 0.35 M- V`Kb = 5.6
KoX U#V *H+mHi2/ .Pa 7`QK i?2 .6h #M/ bi`m+im`2 Q7 U+VX qBi?BM M 2M2`;v rBM/Qr, EDP : EDP+1.1
2o- i?`22 FBMFb BM i?2 +H+mHi2/ .Pa `2 b?QrM rBi? ``QrbX h?2 2M2`;B2b Q7 i?2b2 FBMFb `2 BM/B+i2/
rBi? /b?2/ HBM2b BM i?2 #M/ bi`m+im`2 BM U+VX *H+mHiBQM rb T2`7Q`K2/ QM  k@K2b? rBi? ?B;?2` `2b@
QHmiBQM i?M i?2 k@K2b? mb2/ BM 6B;X 9XRkX U+V .6h +H+mHi2/ #M/b 7Q`  8 ZG bH# Q7 "B2a23X .b?2/
HBM2b +Q``2bTQM/ iQ 2M2`;B2b Q7 FBMFb BM i?2 +H+mHi2/ .Pa BM U#VX E = 0 Bb `272`2M+2/ iQ i?2 .B`+ TQBMiX
>Q`BxQMiH tBb bTMb i?2 k@bT+2 /BbiM+2 7`QK i?2 ?B;? bvKK2i`v K M/ M TQBMib iQ i?2 Γ TQBMiX
dI/dV bT2+i`X h?2 +H+mHi2/ .Pa U6B;X 9XRj#V M/ i?2 /i U6B;X 9XRjV [mHBiiBp2Hv ;`22
QM i?2 Qp2`HH BM+`2bBM; b?T2 Q7 i?2 bT2+i`mK- i?2 2tBbi2M+2 Q7 i?`22 FBMFb- M/ i?2 /2+`2bBM;
2M2`;v b2T`iBQM #2ir22M i?2 FBMFbX 6m`i?2`KQ`2- #v +QKT`BM; i?2 #M/ bi`m+im`2 U6B;X 9XRj+V
rBi? i?2 +H+mHi2/ .Pa U6B;X 9XRj#V- r2 +M b22 i?i i?2 i?`22 FBMFb BM i?2 .Pa Q++m` i 2M2`@
;B2b r?2`2 i?2 `2bT2+iBp2 #M/b im`M Qp2`- b BM/B+i2/ mbBM; /b?2/ HBM2b BM 6B;X 9XRj+X h?2`2@
7Q`2 i?2 [mHBiiBp2 ;`22K2Mi #2ir22M i?2 .6h M/ i?2 dI/dV bT2+i` H2/b mb iQ bbQ+Bi2 i?2
FBMFb BM dI/dV iQ i?2 ZqaX h?2 bm#b2[m2Mi b2+iBQMb T`QpB/2 7m`i?2` DmbiB}+iBQM bmTTQ`iBM; i?2
T`2b2M+2 Q7 Zqa BM i?Bb bKTH2X
9X9Xk AMi`#M/ Zqa b+ii2`BM;
q2 7m`i?2` /2KQMbi`i2 i?2 2tBbi2M+2 Q7 Zqa #v b+`B#BM; i?2 Q`B;BM Q7 i?2 b+ii2`BM; KQ/2b iQ
 rp2p2+iQ` i?i +QMM2+ib bT2+B}+ T`ib Q7 i?2 *1*bX .QKBMMi b+ii2`BM; KQ/2b BM aha bim/@
B2b `Bb2 7`QK q rp2p2+iQ`b i?i +QMM2+i ?B;? .Pa Q` M2bi2/ TQ`iBQMb Q7 i?2 *1*bX AM "B2h23-
i 2M2`;B2b rv 7`QK i?2 .B`+ TQBMi- b+ii2`BM; KQ/2b +QMM2+i k@bii2b QM i?2 *1* i?i `2
M2bi2/ #2+mb2 Q7 ?2t;QMH r`TBM; (j8- RyR- RRe- Rk8- Rke)X AM MHQ;v- r2 +M 2tT2+i i?i b+i@
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i2`BM; KQ/2b BM "B2a23 HbQ /2T2M/ QM M2biBM; /m2 iQ ?2t;QMH r`TBM;X _2+2Mi _S1a 2t@
T2`BK2Mib ?p2 7QmM/ i?i 7Q` #Qi? i?2 haa (Ryj)- M/ i?2 Rbi Zqa (RRN) i?2 ?2t;QMH r`T@
BM; Bb KtBKH BM i?2 Γ@E /B`2+iBQMX h?2 BMb2i Q7 6B;X 9XR9 b?Qrb M BHHmbi`iBQM Q7 i?2 ?2t;Q@
MHHv r`T2/ *1*b Q7 i?2 haa UQmi2` #M/V M/ i?2 Rbi Zqa UBMM2` #M/V (RRN)X i i?2 2M2`;v
b?QrM BM i?2 BMb2i- QM−M Bb  Γ@J rp2p2+iQ` i?i +QMM2+ib M2bi2/ T`ib Q7 i?2 *1* Q7 i?2
haaX "2+mb2 QM−M +QMM2+ib /D+2Mi J TQBMib i?i `2 b2T`i2/ #v M M;H2 Q7 pi/3- i?2 p2@
HQ+Biv Q7 i?2 QM−M KQ/2 Bb i?2 bK2 b i?2 #M/ p2HQ+Biv HQM; i?2 Γ@J /B`2+iBQM, vQ(M−M) =
vk(Γ−M)X 6m`i?2`KQ`2- #2+mb2 i?2 *1* Q7 i?2 ZqaR M/ i?2 haa ?p2 i?2 bK2 r`TBM;- i?2B`
*1*b rBHH 2pQHp2 BM i?2 bK2 rv #mi b?B7i2/ BM 2M2`;vX h?2`27Q`2 B7 QM−M +QMM2+ib M2bi2/ TQ`@
iBQMb Q7 i?2 *1* 7Q` i?2 haa- i?2M i  ?B;?2` 2M2`;v- QM−M rBHH HbQ +QMM2+i M2bi2/ TQ`iBQMb
Q7 i?2 *1* 7Q` i?2 ZqaX
6`QK i?Bb `2bQMBM;- r2 2tT2+i i?i i?2 #M/ p2HQ+Biv BM i?2 Γ@J /B`2+iBQM b?QmH/ /BbT2`b2 HBF2
 M −M b+ii2`BM; KQ/2 Uvk(Γ@J) ≈ vQ(M−M)V- M/ i?i #Qi? q1 M/ q2 b?QmH/ #2 T`HH2H M/
Qzb2i BM 2M2`;vX hQ p2`B7v i?Bb ?vTQi?2bBb- BM 6B;m`2 9XR9 r2 THQi i?2 #M/ bi`m+im`2 Q7 i?2 aa-
ZqaR M/ Zqak HQM; i?2 Γ@J /B`2+iBQM M/ bmT2`TQb2 i?2 /BbT2`bBQM Q7 q1 M/ q2 U6B;bX 9X3-
9XNVX 6B;m`2 9XR9 b?Qrb i?i i?2`2 Bb M 2t+2HH2Mi ;`22K2Mi #2ir22M i?2 /BbT2`bBQM Q7 q1 M/ i?2
haa #M/- M/ #2ir22M i?2 /BbT2`bBQM Q7 q2 M/ i?2 ZqaR #M/X q2 +QKTmi2/ i?2 #M/ p2HQ+@
BiB2b Q7 i?2 .6h #M/b #v }iiBM; 2+? #M/ iQ  HBM2` /BbT2`bBQM #2ir22M k = 0.15 − 0.30 ³−1X
h?2 p2HQ+BiB2b Q7 i?2 irQ #M/b `2 vaa = 1.12 ± 0.04 2o ³ M/ vZqaR = 1.41 ± 0.08 2o ³X
h?2b2 #M/ p2HQ+BiB2b Ki+? r2HH iQ rBi?BM 2``Q` iQ i?2B` `2bT2+iBp2 b+ii2`BM; p2HQ+BiB2b, v1 =
1.28± 0.39 2o ³ ≈ vaa- v2 = 1.06± 0.32 2o ³ ≈ vZqaRX
.Bb+`2TM+B2b #2ir22M i?2 p2HQ+BiB2b Q7 i?2 .6h M/ i?2 b+ii2`BM; KQ/2b +QmH/ #2 +mb2/
#v i?2 7+i i?i BM Qm` KQ/2H- i?2 Zqa Bb bTBM@/2;2M2`i2- BM +QMi`bi iQ i?2 bTBM@TQH`BxiBQM
Q7 i?2 Zqa /m2 iQ _b?# bTHBiiBM; (RRN)X h?2 _b?# bTHBiiBM; rQmH/ bTHBi i?2 Zqa BMiQ irQ
#M/b- `2/m+BM; i?2 p2HQ+Biv Q7 QM2 #M/- i?2`2#v #`BM;BM; Bib p2HQ+Biv +HQb2` iQ pHm2 Q7 v2 2t@
i`+i2/ 7`QK i?2 /iX hQ ++QmMi 7Q` i?2 bTBM@TQH`BxiBQM- r2 mb2/ k · p i?2Q`v iQ bBKmHi2 i?2
2tT2+i2/ q b+ii2`BM; KQ/2b 7`QK i?2 *1*b Q7  bTBM@TQH`Bx2/ aa M/ _b?#@bTHBi ZqaX h?2












































6B;m`2 9XR9, .BbT2`bBQM Q7 b+ii2`BM; KQ/2b 7`QK i?2 aa M/ ZqaX h?2 ZSA rp2p2+iQ`b 7`QK
6B;m`2 9X3-9XN `2 THQii2/ mbBM; #H+F +B`+H2b QM iQT Q7 i?2 .6h #M/b BM i?2 Γ@J/B`2+iBQM 7`QK 6B;X 9XRjX
h?2 .6h #M/b ?p2 #22M H#2H2/ M/ +QHQ`2/ iQ Ki+? i?2 #M/b BM 6B;X 9XRjX h?2 #M/b 7Q` i?2 aa M/
i?2 ZqaR Ki+? r2HH rBi? i?2 K2bm`2/ b+ii2`BM; KQ/2b q1 M/ q2 #2ir22M k ∼ 0.2 − 0.3 ³−1X h?2
BMb2i b?Qrb  *1* rBi?  r`T2/ Zqa U;`22MV M/  r`T2/ aa U#Hm2V i?i rQmH/ T`Q/m+2 i?2 K2bm`2/
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6B;m`2 9XR8, k · p b+ii2`BM; rp2p2+iQ` bBKmHiBQM Q7 aa M/ ZqaX UV *QMbiMi 2M2`;v +QMiQm`b
Q7 i?`22 b2T`i2 ?2t;QMHHv r`T2/ #M/b- BM ;`22K2Mi rBi? _S1a K2bm`2K2Mib Q7 #M/ #2M/BM;
BM/m+2/ ZqaX h?2 Qmi2` #M/ +Q``2bTQM/b iQ i?2 aa- M/ i?2 BMM2` irQ #M/b +Q``2bTQM/ iQ i?2 _b?#
bTHBi- ?2t;QMHHv /27Q`K2/ ZqaX .b?2/ HBM2b BM/B+i2 irQ M2biBM; rp2p2+iQ`b Q1 M/ Q2 #2ir22M i?2
iBTb Q7 i?2 aa M/ i?2 Rbi ZqaX U#V aTBM /2T2M/2Mi DQBMi /2MbBiv Q7 bii2b Q7 i?2 +QMbiMi 2M2`;v +QMiQm`
Q7 UVX h?2 bTBM Ki`Bt 2H2K2Mi- T (s1, s2) = | 〈"s1|"s2〉 |2 KQ/B}2b i?2 DQBMi /2MbBiv Q7 bii2b Q7 i?2 +QMbiMi
2M2`;v +QMiQm`b M/ bmTT`2bb2b #+F@b+ii2`BM;X hrQ T`QKBM2Mi T2Fb `2 b22M BM i?2 Γ@J /B`2+iBQMX h?2
irQ Γ@J T2Fb Ki+? r2HH rBi? i?2 M2bi2/ rp2p2+iQ`b 7`QK i?2 aa M/ Zqa b?QrM BM UVX q?Bi2 /b?2/
#Qt +Q``2bTQM/b iQ i?2 `2;BQM Q7 q bT+2 b?QrM BM U+V U+V Γ@J HBM2+mi Q7 i?2 aC.Pa b  7mM+iBQM Q7 2M@
2`;v M/ qX h?2 b2+QM/ /2`BpiBp2 Q7 i?2 aC.Pa BMi2MbBiv Bb THQii2/ iQ KQ`2 +H2`Hv b?Qr i?2 Q1 M/ Q2
rp2p2+iQ`bX h?2 2M2`;v Q7 UV M/ U#V Bb ?B;?HB;?i2/ BM i?2 ?Q`BxQMiH r?Bi2 /b?2/ #QtX hrQ T`HH2H
/BbT2`bBM; KQ/2b `2 b22M +Q``2bTQM/BM; iQ i?2 Q1 M/ Q2 rp2p2+iQ`b Q7 UV M/ U#VX
>KBHiQMBM BM i?2 bTBM #bBb (RRe-Rke),





r?2`2 vk = vD Bb i?2 .B`+ p2HQ+Biv- σx,y,z `2 i?2 SmHB bTBM Ki`B+2b- λ Bb  T?2MQK2MQHQ;B+H
r`TBM; T`K2i2`- M/ k± = kx ± ikyX :mB/2/ #v _S1a r?B+? b?Qrb i?i i?2 Rbi ZqaǶb irQ
_b?# bm#bTHBi #M/b `2 r`T2/ BM i?2 Γ@E /B`2+iBQM (RRN)- r2 Qzb2i i?2 2B;2Mbii2b BM 2M2`;v
iQ +`2i2 i?2 +QMbiMi 2M2`;v +QMiQm`b b?QrM BM 6B;X 9XR8X q2 +H+mHi2/ i?2 aC.Pa- r?B+?
++QmMib 7Q` i?2 bTBM Ki`Bt 2H2K2Mi i?i /2T2M/b QM i?2 BMBiBH M/ }MH bTBM TQH`BxiBQM- b
b?QrM BM 6B;X 9XR8#-+X 1p2M rBi? i?2 T`2b2M+2 Q7 i?`22 bTBM@TQH`Bx2/ #M/b- r2 7QmM/ irQ T`@
HH2H Γ@J b+ii2`BM; KQ/2b- Qzb2i BM 2M2`;v- rBi? q rp2p2+iQ`b +QKBM; 7`QK M −M b+ii2`BM;-
M/  H+F Q7 b+ii2`BM; BM i?2 Γ@E /B`2+iBQMX HH Q7 i?2b2 Q#b2`piBQMb `2 +QMbBbi2Mi rBi? i?2
2tT2`BK2MiH Q#b2`piBQMb Q7 i?2 q1 M/ q2 KQ/2bX h?2 ;QQ/ ;`22K2Mi #2ir22M Qm` .6h +H+m@
HiBQMb- k · p KQ/2H M/ Qm` b+ii2`BM; KQ/2b +QM}`Kb i?i q1 M/ q2 `2T`2b2Mi b+ii2`BM; #2ir22M
/D+2Mi M −M TQ`iBQMb Q7 i?2 *1* Q7 i?2 aa- M/ ZqaR- `2bT2+iBp2HvX
3R
9X9Xj *?QB+2 Q7 aH# h?B+FM2bb
q2 7m`i?2` /Bb+mbb Qm` +?QB+2 Q7  8ZG i?B+FM2bb 7Q` Qm` .6h +H+mHiBQMbX
Pm` +?QB+2 Q7 mbBM;  8ZG bH# Q7 "B2a23 7Q` Qm` .6h +H+mHiBQMb Bb rBi?BM i?2 `M;2 Q7 +@
+2Ti#H2 i?B+FM2bb2b 7Q` i?2 #M/ #2M/BM; H2M;i? b+H2 BM "B2a23X A7 i?2 Zqa `2 BM/m+2/ #v




∇V (z − zl) + E#mHF0 z < zl
E#mHF0 z > zl
U9XkV
r?2`2 z = 0 /2}M2b i?2 bm`7+2- z > 0 K2bm`2b i?2 /BbiM+2 BMiQ i?2 Ki2`BH- zl Bb i?2 /2Ti? Q7
i?2 #M/ #2M/BM; TQi2MiBH- ∇V ∼ dV/zl- M/ dV Bb i?2 K;MBim/2 Q7 i?2 2M2`;v b?B7i i i?2 bm`@
7+2 `2HiBp2 iQ i?2 #mHF Ub22 6B;X 9XRy#VX  bH# Q7 i?B+FM2bb t Bb 2z2+iBp2Hv  b[m`2 r2HH TT`Qt@
BKiBQM iQ  i`BM;mH` r2HH TQi2MiBH r?2`2 t ∼ zl/2X AM i?2 HBi2`im`2 (Rkk)- i?2 #M/ #2M/BM;
+mbBM; TQi2MiBH ;`/B2Mi ∇V ∼ 0.75 − 2 K2o ³−1- M/ ?b #22M K2bm`2/ iQ b?B7i i?2 2M2`;v
#v dV = 130 K2o (N8) iQ dV = 230 K2o (Rkd)X h?Bb H2/b iQ  rB/2 `M;2 Q7 TQbbB#H2 i?B+FM2bb2b
7Q` i?2 2ti2Mi Q7 i?2 #M/ #2M/BM; TQi2MiBH- 7`QK zl = 6.5 MK iQ zl = 30 MKX h?2`27Q`2 i?2
`M;2 Q7 ++2Ti#H2 bH# i?B+FM2bb2b `M;2b 7`QK t = zl/2 = 3.25 MK iQ t = 15 MK- Q` TT`QtB@
Ki2Hv jZG iQ R8ZGX 6m`i?2`KQ`2- i?2 .B`+ TQBMi rb ;TT2/ 7Q` .6h +H+mHiBQMb rBi? N ≤ 4
ZGX h?2`27Q`2 i?2 +?QB+2 Q7 N = 5 ZG Bb i?2 bBKTH2bi bvbi2K i?i T`2b2`p2b i?2 iQTQHQ;B+H +?`@
+i2` Q7 i?2 aa- r?BH2 HbQ #2BM; rBi?BM M ++2Ti#H2 2tT2`BK2MiH `M;2 7Q` i?2 #M/ #2M/BM;
/2Ti?X
7i2` ii`B#miBM; i?2 q1 M/ q2 KQ/2b iQ i?2 #M/ /BbT2`bBQM Q7 i?2 haa M/ i?2 Rbi Zqa r2
r2`2 #H2 iQ b2H7@+QMbBbi2MiHv +?2+F irQ [mMiBiB2b iQ p2`B7v Qm` +?QB+2 Q7 N = 5X 6B`biHv- Qm` Q#@
b2`piBQM i?i BM/m+2/ Zqa +mb2  `2/m+iBQM BM i?2 #M/ p2HQ+Biv i k ∼ 0.2 − 0.3 ³−1 Bb BM/2@
T2M/2Mi Q7 Qm` +?QB+2 Q7 N X hQ b?Qr i?Bb- BM 6B;X 9XRe@+ r2 THQi i?2 #M/ bi`m+im`2 7Q` /Bz2`2Mi
bH# i?B+FM2bb2b- M/ b?Qr i?2 p2HQ+Biv 2ti`+i2/ 7`QK  }i Q7 i?2 haaX q2 }M/ i?i i?2 p2HQ+Biv
Q7 i?2 haa Bb +QMbBbi2MiHv v = 1.10 2o³ iQ rBi?BM ∼ 3% 7`QK N = 5 iQ N = 8X h?Bb /2KQMbi`i2b















































v = 1.11 eV Å
6QL
v = 1.13 eV Å
8QL
v = 1.10 eV Å
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6B;m`2 9XRe, .6h T`K2i2`b 7Q` /Bz2`2Mi bH# i?B+FM2bb2bX UV@U+V, "M/ bi`m+im`2 BM i?2 Γ@J
/B`2+iBQM i i?2 BM/B+i2/ ZG bH# i?B+FM2bb- BM M 2M2`;v M/ k@bT+2 `M;2 +Q``2bTQM/BM; iQ i?2 q1 M/
q2 b+ii2`BM; KQ/2b BM i?2 /iX h?2 +QHQ` Q7 i?2 #M/b Ki+?2b i?2 +QHQ` Q7 i?2 #M/b BM 6B;X 9XRk U2X;X
#Hm2 #M/ Bb i?2 haa #M/- ;`22M Bb ZqaRVX h?2 #H+F HBM2 b?Qrb  HBM2` #2bi }i UE = vk + E0V BM i?2
`M;2 k = 0.2 ³−1 iQ k = 0.3 ³−1X h?2 p2HQ+Biv 2ti`+i2/ 7`QK i?2 }i Bb BM/B+i2/ BM i?2 TM2HbX U/V
1M2`;v b2T`iBQM #2ir22M i?2 irQ HQr2bi HvBM; #M/b, EQWS − ESS i p`vBM; bH# i?B+FM2bb2bX h?2
2M2`;v b2T`iBQM Bb +H+mHi2/ 7`QK TM2Hb UV@U+V BM  M``Qr k `M;2 Ki+?BM; i?2 b+ii2`BM; KQ/2b
7`QK i?2 /iX h?2 2M2`;v b2T`iBQM #2ir22M i?2 q1 M/ q2 KQ/2b BM i?2 /i UKBM i2ti }ii2/ +m`p2b BM
6B;X 9XR9V Bb THQii2/ mbBM;  i?B+F ;`2v HBM2X
b2T`iBQM #2ir22M q1 M/ q2 b MQi?2` T`K2i2` iQ b2H7 +QMbBbi2MiHv p2`B7v Qm` +?QB+2 Q7 N X AM
6B;X 9XRe/ r2 THQi i?2 2M2`;v b2T`iBQM Q7 i?2 irQ HQr2bi #M/b i /Bz2`2Mi bH# i?B+FM2bb2b b
 7mM+iBQM Q7 k UΓ@JV- HQM; rBi? i?2 2M2`;v b2T`iBQM #2ir22M i?2 q1 M/ q2 KQ/2b 7`QK i?2
/iX q2 +M b22 i?i QMHv i?2 8ZG bH# `2T`Q/m+2b i?2 2M2`;v b2T`iBQM rBi?BM i?Bb rBM/Qr Q7
kX h?Bb Bb 7m`i?2` 2pB/2M+2 pHB/iBM; Qm` +?QB+2 Q7 N = 5X
3j
9X8 .Bb+mbbBQM
Pm` `2bmHib ?p2 BKTHB+iBQMb QM i?2 mb2 Q7 "B2a23 BM TQi2MiBH MMQb+H2 /2pB+2bX AM i?2 B/2HBx2/
#mHF #M/ bi`m+im`2 +H+mHiBQMb Q7 "B2a23 i?2 haa K2`;2 BMiQ i?2 #mHF #M/b i TT`QtBKi2Hv
yXj8 2o #Qp2 i?2 .B`+ 2M2`;v (Ry9)X aB;MB}+Mi 2tT2`BK2MiH 2zQ`ib ?p2 7Q+mb2/ QM imMBM; i?2
+?2KB+H TQi2MiBH rBi?BM i?Bb #mHF ;T iQ BM+`2b2 i?2 i`MbTQ`i b2MbBiBpBiv iQ i?2 haaX q?BH2
T`2pBQmb rQ`F ?b bm;;2bi2/ i?i i?2 aa KB;?i 2tBbi i 2M2`;B2b #2vQM/ i?2 *" KBMBKmK BM "B@
+?H+Q;2MB/2b (Rk8)- Qm` `2bmHib b?Qr i?i 2ti2M/BM; i?2 2M2`;v `M;2 Q7 i?2 haa +M #2 +?B2p2/
#v Tm`TQb27mHHv BM/m+BM; ZqaX h?2 H+F Q7 Γ@E b+ii2`BM; bm;;2bib i?i /2bTBi2 i?2 2K2`;2M+2 Q7
Zqa- i?2 +?B`H Mim`2 Q7 i?2 aa Bb T`2b2`p2/- r?B+? Bb Q7 BKTQ`iM+2 7Q` bTBMi`QMB+b TTHB+iBQMb
i?i `2[mB`2 i?2 bTBM@KQK2MimK HQ+FBM; Q7 i?2 bm`7+2 bii2X h?Bb Bb BM HBM2 rBi? T`2pBQmb 2tT2`@
BK2Mib QM "B2−x62xa23 i?i 7QmM/ i?2 `2bBHB2M+2 Q7 i?2 haa iQ 62@/QTBM; (3N- Ny)X >Qr2p2`- i?2
`2/m+2/ #M/ p2HQ+Biv Q7 i?2 aa i i?2b2 2M2`;B2b +QmH/ H2/ iQ  `2/m+iBQM BM i?2 KQ#BHBiv Q7 i?2
+``B2`bX 6m`i?2`KQ`2- r?BH2 i?2 haa `2KBMb [mMiBx2/- i`MbTQ`i rBHH biBHH ?p2 iQ /Bb2MiM;H2
i?2 `2bTQMb2 Q7 i?2 haa 7`QK i?2 i`BpBH ZqaX 6m`i?2` i`MbTQ`i 2tT2`BK2Mib QM Zqa BM/m+2/
"B2a23 `2 `2[mB`2/ iQ /2/m+2 r?2i?2` BM/m+BM; Zqab Bb M 2z2+iBp2 Hi2`MiBp2 iQ imMBM; i?2
+?2KB+H TQi2MiBH BM "B2a23X
AM bmKK`v- r2 `2TQ`i aha K2bm`2K2Mib QM #mHF +`vbiHb Q7 "B2−x62xa23X q2 Q#b2`p2/ 2t@
i`2K2 /272+i BM?QKQ;2M2Biv- rBi? K+`Qb+QTB+ T?b2 b2T`iBQM BMiQ `2;BQMb rBi? MQ 62 iQKb-
HQr 62 +QM+2Mi`iBQM- M/ +Hmbi2`b Q7 62 iQKbX h?Bb /QTMi BM?QKQ;2M2Biv Bb HBF2Hv /m2 iQ MQMmMB@
7Q`K HQ+H ;`Qri? +QM/BiBQMb /m`BM; i?2 +`vbiH ;`Qri? T`Q+2bbX q2 r2`2 #H2 iQ mb2  bT2+B}+ 62
/272+i b  ?B;? KTHBim/2 b+ii2`BM; +2Mi2`X .m2 iQ i?2 T`2b2M+2 Q7 Zqa- r2 Q#b2`p2/ irQ b+i@
i2`BM; KQ/2b i?i +QMM2+i J@J TQBMib Q7 i?2 *1* Q7 i?2 haa M/ i?2 Rbi ZqaX h?2 b+ii2`BM;
p2HQ+Biv Bb 3× bKHH2` i?M i?2 p2HQ+Biv i i?2 .B`+ TQBMi- b `2T`Q/m+2/ #v Qm` .6h +H+mH@
iBQMbX Pm` `2bmHib bm;;2bi i?i BM/m+BM; Zqab +M +mb2 i?2 haa iQ `2KBM [mMiBx2/ 7`QK i?2
#mHF- M/ T`QpB/2b BKTQ`iMi bT2+i`Qb+QTB+ BM7Q`KiBQM 7Q` 7mim`2 /2pB+2 TTHB+iBQMbX
39
5
*?`;2 Q`/2` BM "B2a`2−xGx*mP6+δ
*?`;2 Q`/2`BM; BM i?2 +mT`i2b- b Q#b2`p2/ i i?2 bm`7+2 pB ahJ- M/ BM i?2 #mHF pB M2m@
i`QM Q` t@`v b+ii2`BM;- ?b M2p2` #22M 7mHHv `2+QM+BH2/X AM i?Bb +?Ti2`- r2 /2iBH 2tT2`BK2Mib
T2`7Q`K2/ QM G@/QT2/ "B@kkyR- BM +QMDmM+iBQM rBi? +QHH#Q`iQ`b mbBM; #mHF b2MbBiBp2 T`Q#2b-
iQ HQQF 7Q` +?`;2 Q`/2`BM; BM i?2 +mT`i2bX aQK2 Q7 i?2 `2bmHib BM i?Bb +?Ti2` r2`2 Tm#HBb?2/ BM
_27X (k3), *QKBM- 6`MQ- u22 2i HX- a+B2M+2 j9j- jNy UkyR9VX
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8XR AMi`Q/m+iBQM
lM/2`biM/BM; i?2 K2+?MBbK Q7 bmT2`+QM/m+iBpBiv BM i?2 +mT`i2 bmT2`+QM/m+iQ`b ?b #22M
+QKTHB+i2/ #v i?2 KmHiBTH2 Q#b2`piBQMb Q7 +?`;2- bTBM- M/ bi`m+im`H KQ/mHiBQMbX h?2 27@
72+i Q7 i?2b2 KQ/mHiBQMb QM i?2 i?2 2H2+i`QMB+ bi`m+im`2 Q7 +mT`i2b- M/ r?2i?2` Bi Bb `2Hi2/ iQ
i?2 Kvbi2`BQmb Tb2m/;T T?b2 ?b #22M +iBp2Hv bim/B2/ 7Q` i?2 Tbi i?`22 /2+/2b (Rk3)X Pr@
BM; iQ /Bz2`2M+2b #2ir22M i?2 KmHiBTH2 +mT`i2 +QKTQmM/b- +2`iBM i2+?MB[m2b `2 #2ii2` bmBi2/
7Q` bim/vBM; bT2+B}+ +QKTQmM/b- H2/BM; iQ  TQQ` mM/2`biM/BM; Q7 r?i Bb m#B[mBiQmb iQ i?2
+mT`i2 7KBHvX 6Q` 2tKTH2- bQK2 2tT2`BK2Mib ?p2 b?QrM bB;Mim`2b Q7 +?`;2 Q`/2`BM;- bm+?
b i?2 9a0 bi`BT2 Q`/2`BM; BM i?2 #mHF Q7 G@#b2/ +mT`i2b (RkN- Rjy)X aBKBH`Hv- t@`v b+ii2`@
BM; 2tT2`BK2Mib QM i?2 #mHF Q7 u@#b2/ +mT`i2b HbQ 7QmM/ 2pB/2M+2 7Q` +?`;2 Q`/2`BM; rBi?
∼ 3.3a0 T2`BQ/B+Biv (RjR- Rjk)X AM +QMi`bi iQ i?2 T`BQ` #mHF K2bm`2K2Mib Q7 +?`;2 Q`/2` U*PV-
ahJ K2bm`2K2Mib QM i?2 bm`7+2 Q7 "B M/ *H #b2/ +mT`i2b ?p2 HQM; `2TQ`i2/ 2pB/2M+2 Q7
*P (RjjĜRj3)X q?2i?2` i?2 bm`7+2 Q#b2`p2/ *P pB ahJ Bb `2Hi2/ iQ i?2 #mHF Q#b2`p2/ Q`/2`@
BM; BM G Q` u +mT`i2b `2KBMb M QT2M [m2biBQMX
aBM;H2 Hv2` "B@kkyR Bb r2HH bmBi2/ 7Q` bim/B2b mbBM; HQr@T ahJ #2+mb2 Q7 Bib 2bBHv +H2p#H2
bm`7+2- M/ i?2 #BHBiv iQ T`Q#2 i?2 S: bii2 i `2HiBp2Hv HQr i2KT2`im`2b (RjN-R9y)X q?BH2 i?2
#BHv2` +QKTQmM/ "B@kkRk ?b #22M #2ii2` bim/B2/ i?M i?2 bBM;H2 Hv2` "B@kkyR +QKTQmM/- KMv
Q7 i?2 T`2pBQmb 2tT2`BK2Mib QM "B@kkyR ?p2 7Q+mb2/ QM mbBM; S#@/QT2/ "B@kkyR (Rjd- R9R- R9k)X
S#@/QTBM; b2`p2b iQ bmTT`2bb i?2 bmT2`KQ/mHiBQM i?i +QmH/ H2/ iQ #BHv2`@bTHBiiBM;- lKFHTT
#M/b (R9j)- Q` KQ/mHi2 i?2 Tb2m/Q;T 2M2`;v QM  HQ+H b+H2 (R99)X >Qr2p2`- S#- r?B+? bm#@
biBimi2b 7Q` "B- ivTB+HHv Qp2`/QT2b i?2 bvbi2K (RjN- R9y) UHi?Qm;? Bi +M #`BM; "B@kkyR BM i?2
2ti`2K2 mM/2`/QT2/ `2;BQM (R98)VX PM i?2 Qi?2` ?M/- G- r?B+? bm#biBimi2b 7Q` a`- +M +QM@
iBMmQmbHv bTM  rB/2 `M;2 Q7 i?2 bmT2`+QM/m+iBM; /QK2- 7`QK p = 0.10 BM i?2 mM/2`/QT2/
`2;BK2 iQ p = 0.19 BM i?2 Qp2`/QT2/ `2;BK2 (RjN- R9y- R9e)X h?Bb KF2b MQM@S# /QT2/ "B@kkyR
U"B2a`2−xGx*mP6+δV B/2H 7Q` bim/vBM; i?2 mM/2`/QT2/ `2;BK2- /2bTBi2 i?2 TQbbB#H2 bi`m+im`H
`2+QMbi`m+iBQMb M/ i?2B` 2H2+i`QMB+ 2z2+ibX q?BH2 "B2a`2−xGx*mP6+δ ?b #22M bim/B2/ BM i?2
QTiBKH M/ Qp2`/QT2/ `2;BK2 mbBM; ahJ (R9d)- i?2 /22THv mM/2`/QT2/ `2;BK2 Up ≤ 0.12V-
3e
rBi? Bib 2H2+i`QMB+ +QKTH2tBiv (kj)- ?b MQi #22M bim/B2/ pB ahJ- H2pBM; QT2M i?2 [m2biBQM Q7
r?2i?2`  *P@bii2 2tBbib BM i?Bb bi`QM; Tb2m/Q;T `2;BK2X
8XRXR amKK`v Q7 _2bmHib
AM i?Bb +?Ti2` r2 `2TQ`i QM Qm` ahJ bim/B2b Q7 l.R8E "B2a`2−xGx*mP6+δ M2` i?2 ?QH2 /QT@
BM; p ∼ 1/8X q2 +[mB`2 iQTQ;`T?B+ BK;2b Q7  λ = 4a∗ +QKK2Mbm`i2 bmT2`KQ/mHiBQM BM
"B@kkyR- r?B+? /Bz2`b 7`QK i?2- λ ∼ 5a∗ bmT2`KQ/mHiBQM BM i?2 T`2Mi "B@kkyR +QKTQmM/ (R93)-
M/ BM+QKK2Mbm`i2 bmT2`KQ/mHiBQM BM "B@kkRk (R99)X q2 Q#b2`p2 MQi?2` BM+QKK2Mbm`i2
λ ≈ 8.1a∗ bmT2`bi`m+im`2 r?B+? /Q2b MQi ?p2  K2bm`2#H2 i2KT2`im`2 /2T2M/2M+2 Ub?QrM
BM 6B;X 8X9V- BM +QMi`bi iQ G11. `2bmHib i?i `2TQ`i  bi`QM; i2KT2`im`2 /2T2M/2M+2 Q7  bmT2`@
bi`m+im`2 rp2p2+iQ` (R9N)X Pm` aha K2bm`2K2Mib Q7 "B2a`2−xGx*mP6+δ }M/  MQM@/BbT2`bBp2
*P rp2p2+iQ` Q7 qCO = 0.248 ± 0.012 `XHXmX- r?B+? Bb BM ;`22K2Mi rBi? i?2 *P rp2p2+iQ`
K2bm`2/ 7`QK i?2 #mHF mbBM; `2bQMMi s@`v b+ii2`BM; U_1saVX *QK#BM2/ rBi? i?2 i2KT2`@
im`2 /2T2M/2Mi _1sa K2bm`2K2Mib- i?Bb rQ`F T`QpB/2b i?2 }`bi +`m+BH p2`B}+iBQM i?i bm`7+2
*P K2bm`2/ pB _S1a M/ ahJ Bb `2Hi2/ iQ i?2 #mHF *P K2bm`2/ #v M2mi`QM M/ s@`v
b+ii2`BM;- M/ bm;;2bib M BMiBKi2 HBMF #2ir22M i?2 *P bii2 M/ i?2 Tb2m/Q;T T?b2X
aQK2 Q7 i?2 rQ`F BM i?Bb +?Ti2` rb Tm#HBb?2/ BM, *QKBM- 6`MQ- u22 2i HX- ǳ*?`;2 P`/2`
.`Bp2M #v 62`KB@`+ AMbi#BHBiv BM "B2a`2−xGx*mP6+δǴ- a+B2M+2 j9j- jNy UkyR9V (k3)X
8XRXk 1tT2`BK2MiH J2i?Q/b
"mHF bBM;H2 +`vbiHb Q7 "B2a`2−xGx*mP6+δ Ux = 0.8- p ≈ 0.115- Tc = 15 EV r2`2 +H2p2/ BM@
bBim i T ∼ 40 E M/ BKK2/Bi2Hv BMb2`i2/ BMiQ i?2 ahJX h?2 bKTH2b r2`2 T`2T`2/ BM i?2
H#Q`iQ`v Q7 .`X >X 1BbFB BM i?2 LiBQMH AMbiBimi2 Q7 /pM+2/ AM/mbi`BH a+B2M+2 M/ h2+?@
MQHQ;v- hbmFm#- CTMX S`BQ` iQ ahJ bim/B2b- Qm` +QHH#Q`iQ`b K2bm`2/ i?2 Tc Q7 i?2 +`vbiHb
pB BM@THM2 `2bBbiBpBiv M/ K;M2iB+ bmb+2TiB#BHBiv K2bm`2K2MibX h?2 ?QH2 /QTBM; p rb i?2M
/2i2`KBM2/ 7`QK i?2 Tc mbBM; _27X (R9e)X *QKTH2K2Mi`v `2bQMMi s@`v b+ii2`BM; U_1saV M/










6B;m`2 8XR, >B;? `2bQHmiBQM iQTQ;`T?v Q7 "B2a`2−xGx*mP6+δX hQTQ;`T?B+ BK;2 +[mB`2/
Qp2`  10 × 10 MK2 `2;BQM UVs = −1.2 o- Is = 100 T- T = 4.5 EV- M/ TQbi@+Q``2+i2/ 7Q` b+M@TB2xQ
/`B7i (R8y- R8R)X P`M;2 /Qib `2 Qp2`HB/ iQ `2T`2b2Mi i?2 iQKB+ TQbBiBQMbX h?2 bmT2`KQ/mHiBQM ?b  T2@
`BQ/B+Biv λ = 4b∗ BM i?2 b /B`2+iBQMX a[m`2 HiiB+2 mMBi p2+iQ`b Ux- yV M/ Q`i?Q`?QK#B+ mMBi p2+iQ` Ua, bV
`2 BM/B+i2/ BM `2/X
bBiv Q7 "`BiBb? *QHmK#B (k3)X
8Xk ai`m+im`H `2+QMbi`m+iBQMb BM "B2a`2−xGx*mP6+δ
8XkXR hQTQ;`T?B2b Q7 "B2a`2−xGx*mP6+δ
*H2pBM; i?2 "B2a`2−xGx*mP6+δ +`vbiH 2tTQb2/  +H2M "BP Hv2` M/ i?2 bm`7+2b bm#b2[m2MiHv
bim/B2/ r2`2 iQKB+HHv ~i Qp2` HQM; U> 100 MKV H2M;i? b+H2bX 6B;m`2 8XR b?Qrb ?B;? `2bQHmiBQM
iQTQ;`T?v +[mB`2/ Qp2`  100 × 100 ³2 `2;BQMX "B iQKb `2 +H2`Hv `2bQHp#H2 BM 6B;X 8XR- M/
`2 ``M;2/ BM  b[m`2 HiiB+2 HQM; i?2 *m@P HiiB+2 /B`2+iBQMb Ux- yV- b2T`i2/ #v  i2i`;@
QMH HiiB+2 +QMbiMi Q7 a0 = 3.86 ³X HQM; i?2 b /B`2+iBQM i?i Bb 98 /2;`22b #2ir22M i?2 Ux-yV
/B`2+iBQMb- r2 Q#b2`p2  T2`BQ/B+ bmT2`bi`m+im`2 rBi?  T2`BQ/B+Biv Q7 ∼ 4 × √2a0X P`M;2 +B`+H2b
?p2 #22M Qp2`HB/ BM i?2 b /B`2+iBQM QM iQT Q7 "B iQKb iQ BM/B+i2 i?2 bmT2`bi`m+im`2 T2`BQ/B+@
BivX AMi`B;mBM;Hv- +QKT`2/ iQ i?2 bmT2`KQ/mHiBQM UaJV BM i?2 T`2Mi "B@kkyR +QKTQmM/ (R93)-
PS "BkkyR (R9d)- Q` BM "B@kkRk (R99) i?2 bmT2`KQ/mHiBQM BM i?2 "B2a`2−xGx*mP6+δ bKTH2b
bim/B2/ ?2`2 `2 KBbbBM;  bBKBH` +?`+i2`BbiB+ ǳ/QHH`@bB;M U0VǴ KQ/mHiBQMX AMbi2/- i?2 KQ/m@
HiBQM b?Qrb mT b  ǳxB;@x;Ǵ +`2b2 QM i?2 bm`7+2X
hQ KQ`2 ++m`i2Hv K2bm`2 i?2 T2`BQ/B+Biv Q7 i?2 bi`m+im`2b b22M BM `2H bT+2- r2 iF2 i?2
33
6Qm`B2` i`Mb7Q`K Q7 iQTQ;`T?B+ BK;2b Qp2` H`;2 }2H/b Q7 pB2rX 6B;m`2 8Xk b?Qrb  iQTQ@
;`T?B+ BK;2 rBi? Bib bbQ+Bi2/ 6Qm`B2` i`Mb7Q`K BK;2 BM 6B;X 8Xk#X "v iFBM; i?2 6Qm`B2`
i`Mb7Q`K Q7 i?2 iQTQ;`T?B+ BK;2- T2`BQ/B+BiB2b rBi? rp2p2+iQ` λ BM i?2 iQTQ;`T?B+ BK;2 `2
`2T`2b2Mi2/ #v ?B;? BMi2MbBiv T2Fb i rp2p2+iQ`b Q = 2pi/λX 6QHHQrBM; _27X (R8R)-  +H2` T2F
Bb b22M i  rp2p2+iQ` QBragg = 2pi/a0 BM i?2 *m@P #QM/ /B`2+iBQMb Ux-yVX AM i?2 a /B`2+iBQM-
 bi`m+im`H T2F Bb pBbB#H2 i Qortho = 2pi/a∗- r?B+? Bb /m2 iQ M Q`i?Q`?QK#B+ /BbiQ`iBQM i?i
Bb +mb2/ #v M bvKK2i`B+ 2tTMbBQM #2ir22M i?2 x M/ y /B`2+iBQMb (R8R)X h?2 i`m2 mMBi +2HH
Bb i?2M Q`i?Q`?QK#B+- `Qii2/ 98 /2;`22b `2HiBp2 iQ i?2 i2i`;QMH mMBi +2HH- M/ Bb bTMM2/ #v
p2+iQ`b HQM; i?2 Ua-bV /B`2+iBQMb- M/ r?2`2 a∗ = b∗ = √2a0 Bb i?2 Q`i?Q`?QK#B+ mMBi +2HH (R8R)X
GbiHv- bmT2`KQ/mHiBQM T2Fb U;`22M +B`+H2bV `2 Q#b2`p2/ HQM; i?2 b /B`2+iBQM- T2`T2M/B+mH` iQ
i?2 Q`i?Q`?QK#B+ /BbiQ`iBQMX >Qr2p2`- i?2 bB;Mim`2 Q7 i?2 aJ HbQ b?Qrb mT b bi2HHBi2 T2Fb
#2ir22M i?2 Q`i?Q`?QK#B+ T2F Uy-RV M/ i?2 "`;; T2F UR-RVX J2bm`BM; i?2 T2`BQ/B+Biv 7`QK
i?2 bi2HHBi2 T2Fb pQB/b i?2 BbQi`QTB+ HQM; rp2H2M;i? Q = 0 #+F;`QmM/ i?i Q#b+m`2b i?2 aJX
 HBM2+mi i?`Qm;? i?2 bi2HHBi2 T2Fb U#Hm2 ``Qr i i?2 #QiiQK #QtV- Bb b?QrM BM 6B;X 8Xk+X LQr-
i?2 aJ rp2p2+iQ` +M #2 T`2+Bb2Hv /2i2`KBM2/, Q = 2pi/4a∗X AM //BiBQM iQ i?2 aJ rp2p2+@
iQ`- M //BiBQMH b2`B2b Q7 bi2HHBi2 T2Fb `2 b22M rBi?  rp2p2+iQ` Q7 Q = 2pi/8a∗- BM/B+i2/
rBi? Q`M;2 bi`bX h?Bb H2/b mb iQ +QM+Hm/2 i?i i?2`2 2tBbi irQ bmT2`KQ/mHiBQM rp2p2+iQ`b-
Q1 = 2pi/4a∗- M/ Q2 = 2pi/8a∗- #Qi? rBi? /BbiQ`iBQMb T2`T2M/B+mH` iQ i?2 Q`i?Q`?QK#B+ /BbiQ`@
iBQMX
am`T`BbBM;Hv- i?2 T2`BQ/B+BiB2b Q7 bmT2`bi`m+im`2b K2bm`2/ BM i?2 "B@#b2/ +mT`i2 7KBHv
p`B2b BM i?2 HBi2`im`2X AM i?2 T`2Mi +QKTQmM/- i?2 T2`BQ/B+Biv Q7 i?2 bmT2`KQ/mHiBQM rb
7QmM/ iQ #2 λ = 5b∗ ≈ 2.7 MK (R93)- M/ BM "B@kkRk i?2 T2`BQ/B+Biv Q7 i?2 bmT2`KQ/mHiBQM
rb 7QmM/ iQ #2 λ = 4.8b∗ ≈ 2.6 MK (R99)X >Qr2p2`- ahJ iQTQ;`T?v QM QTiBKHHv /QT2/
"B2a`2−xGx*mP6+δ 7QmM/  bmT2`bi`m+im`2 rBi? KQ/mHiBQM λ = 2.2 MK ≈ 4b∗ (R8k)- BM ;`22@
K2Mi rBi? Qm` Q1 KQ/mHiBQMX h?2 T`QKBM2M+2 Q7 i?2 ǵ0Ƕ bmT2`bi`m+im`2 BM _27bX (R99- R93) b22Kb
iQ #2 `2Hi2/ iQ  ∼ 5b∗ KQ/mHiBQM- r?2`2b BM Qm` rQ`F M/ _27X (R8k) r?2`2 λ2 ∼ 4b∗- i?2
bmT2`bi`m+im`2 Bb +?`+i2`Bx2/ #v i?2 ǳxB;@x;Ǵ Tii2`MX AM HH Q7 i?2 T`2pBQmb ahJ `272`2M+2b
































6B;m`2 8Xk, hQTQ;`T?v M/ 6Qm`B2` i`Mb7Q`K iQTQ;`T?v Q7 "B2a`2−xGx*mP6+δX UV hQTQ;@
`T?v Q7 "B2a`2−xGx*mP6+δ Qp2`  29 × 29 MK2 `2;BQM UT = 4.5K- Vs = 200 Ko- Is = 20 TVX hQTQ@
;`T?B+ BK;2 ?b #22M +Q``2+i2/ 7Q` 2tT2`BK2MiH MQBb2 /m2 iQ b+M@TB2xQ /`B7i (R8y- R8R)X _2/ /B`2+iBQM
``Qrb ?p2 #22M bmT2`TQb2/ iQ Ki+? i?Qb2 b?QrM BM U#VX U#V 6Qm`B2` i`Mb7Q`K Q7 iQTQ;`T?v b?QrM BM
UVX _2/ +B`+H2 B/2MiB}2b i?2 "`;; T2F M/ #Hm2 ``Qrb /2MQi2 i?2 /BbiM+2b BM `2+BT`Q+H bT+2X :`22M
+B`+H2b M/ Q`M;2 bi`b /2MQi2 i?2 T2`BQ/B+BiB2b Q7 i?2 Q1 M/ Q2 rp2p2+iQ`b `2bT2+iBp2HvX _2/ ``Qrb
/2MQi2 i?2 /B`2+iBQMb BM 6Qm`B2` bT+2 `2Hi2/ iQ i?Qb2 /B`2+iBQMb b?QrM BM UVX  +QQ`/BMi2 bvbi2K ?b
#22M bmT2`TQb2/ BM i?2 (a, b) +QQ`/BMi2 bvbi2K r?2`2 2pi/a∗ = 1X U+V AMi2MbBiv HBM2+mi i?`Qm;? 6Qm`B2`
i`Mb7Q`K Q7 U#VX GBM2+mi iF2M 7`QK U#V 7`QK i?2 TQBMi Uy-@RV iQr`/b UR-@RV HQM; i?2 #Hm2 ``Qr- BMbB/2
i?2 `2+iM;mH` #Hm2 #Qt #Qt Q7 U#VX
_272`2M+2 *QKTQmM/ λ1 λ2 T @/2T\
_2TQ`i2/ ?2`2 G@"BkkyR l.R8E 4b∗c ǳxB;@x;Ǵ 8b∗ LQ
J+?B/ 2i HX (R8k) G@"BkkyR PSj9E ∼ 4b∗c ǳxB;@x;Ǵ LQM2 LQ
a?M 2i HX (R93) G@"BkkyR ∼ 5b∗c ǵ0Ƕ LQM2 LQ
aH2xF 2i HX (R99) "B@kkRk ∼ 4.8b∗c ǵ0Ƕ LQM2 LQ
_Qb2M 2i HX (R9N) G@"BkkyR l.R8E ∼ 4b∗ 8b∗ i HQr T u2b 7Q` λ2
h#H2 8XR, S`QT2`iB2b Q7 i?2 `2TQ`i2/ bmT2`bi`m+im`2b BM "B@kkyRX
i?2`2 ?b #22M  i2KT2`im`2 /2T2M/2Mi KQ/mHiBQM rBi?  HQr@T T2`BQ/B+Biv Q7 λ = 8a∗ i?i
rb Q#b2`p2/ #v HQr 2M2`;v 2H2+i`QM /Bz`+iBQM UG11.V K2bm`2K2Mib (R9N) r?B+? +QmH/ +QBM+B/2
rBi? Qm` Q2 rp2p2+iQ`X hQ bmKK`Bx2 i?2 HBi2`im`2- r2 +QKTBH2/ i?2 p`BQmb bmT2`KQ/mHiBQM
Q#b2`piBQMb BM h#H2 8XRX
8XkXk h2KT2`im`2 /2T2M/2M+2 Q7 bmT2`KQ/mHiBQM
hQ BMp2biB;i2 r?2i?2` i?2 K2bm`2/ Q1 M/ Q2 +Q``2bTQM/ iQ i?2 rp2p2+iQ`b `2+2MiHv b22M BM
G11. K2bm`2K2Mib (R9N)- r2 T2`7Q`K2/ T @/2T2M/2Mi iQTQ;`T?vX AM i?2 G11. K2bm`2K2Mib



























6B;m`2 8Xj, >B;? i2KT2`im`2 iQTQ;`T?v Q7 "B2a`2−xGx*mP6+δX UV hQTQ;`T?v Q7
"B2a`2−xGx*mP6+δQp2`  90 × 90 MK2 `2;BQM i T = 30 E UVs = −200 Ko- Is = 10 TVX hQTQ;`T?B+
BK;2 ?b #22M +Q``2+i2/ 7Q` 2tT2`BK2MiH MQBb2 /m2 iQ b+M@TB2xQ /`B7i (R8y- R8R)X U#V 6Qm`B2` i`Mb7Q`K
Q7 iQTQ;`T?v b?QrM BM UVX _2/ +B`+H2 i UR-RV B/2MiB}2b i?2 "`;; T2F- M/ #Hm2 +B`+H2 i Uy-RV B/2MiB}2b
i?2 Q`i?Q`?QK#B+ T2FX :`22M +B`+H2b M/ Q`M;2 bi`b /2MQi2 i?2 T2`BQ/B+BiB2b Q7 i?2 Q1 M/ Q2 rp2p2+@
iQ`b `2bT2+iBp2HvX U+V AMi2MbBiv HBM2+mi i?`Qm;? 6Qm`B2` i`Mb7Q`K Q7 U#VX GBM2+mi rb bvKK2i`Bx2/ #Qmi
i?2 Q`i?Q`?QK#B+ T2F- M/ iF2M 7`QK i?2 Q`i?Q`?QK#B+ T2F iQr`/b i?2 "`;; T2F b BHHmbi`i2/ mb@
BM; i?2 `2+iM;mH` #Qt Q7 U#VX
T = 6 E- M/ BM+`2bBM; iQ λ2 ≈ 12.1a∗ i T ≥ 120 E (R9N)X q2 i?2`27Q`2 7Q+mb2/ QM bim/vBM; i?2
Q2 T2F BM Qm` /i- 2pB/2M+2/ #v bi2HHBi2 T2Fb 7`QK i?2 Q`i?Q`?QK#B+ T2FX 6B;m`2 8Xj b?Qrb
M 2tKTH2 Q7  iQTQ;`T?B+ BK;2- +[mB`2/ Qp2`  H`;2 }2H/ Q7 pB2r iQ KtBKBx2 6Qm`B2`@bT+2
`2bQHmiBQM- i T = 30 EX b BM 6B;X 8Xk- Q1 M/ Q2 `2 b22M b bi2HHBi2 T2Fb #2ir22M Uy-RV M/
UR-RV Ub?QrM BM #Hm2 #Qt rBi? #Hm2 BM/B+i2/ ``QrVX q2 K2bm`2 Q1(T = 30 E) = 2pi/4a∗-
M/ Q2(T = 30 E) ≈ 2pi/8a∗- b b?QrM BM i?2 6Qm`B2` HBM2+mi BM 6B;X 8Xj+X q2 bmKK`Bx2 i?2
rp2p2+iQ`b Q1 M/ Q2 K2bm`2/ 7`QK  b2`B2b Q7 iQTQ;`T?B2b rBi? /Bz2`2Mi iBTb- +[mB`2/ #2@
ir22M e E M/ 9y E BM 6B;m`2 8X9X h?2 `2bmHib b?QrM BM 6B;X 8X9 /2KQMbi`i2 i?i BM +QMi`bi
iQ _27X (R9N)- r2 /B/ MQi Q#b2`p2  K2MBM;7mH i2KT2`im`2 /2T2M/2M+2 Q7 i?2 Q2 T2FX AM 7+i-
i T = 40 E- Qm` ?B;?2bi K2bm`2/ i2KT2`im`2- Q2 = 2pi/a∗ × 0.123 ± 0.005- r?2`2b 7`QK
_27X (R9N)- Q2 ≈ 2pi/a∗ × 0.101 i T = 40KX h?Bb +Q``2bTQM/b iQ  rp2H2M;i? KBbKi+? Q7
λk-ahJ = 8.1 ± 0.3a∗ = 44.2 ± 1.8 ³ pbX λk-G11. ≈ 9.9a∗ = 54 ³- r2HH QmibB/2 Q7 i?2 2``Q` #`b Q7
Qm` K2bm`2K2MiX
h?2 KBbKi+? BM i?2 i2KT2`im`2 /2T2M/2M+2 Q7 i?2 BM+QKK2Mbm`i2 Q2 rp2p2+iQ` #2ir22M
ahJ- M/ G11.- r?B+? `2 #Qi? bm`7+2 b2MbBiBp2 T`Q#2b- Bb bm`T`BbBM;X PM2 TQbbB#BHBiv- Bb i?i
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Temperature (K)
Tc=15K
6B;m`2 8X9, h2KT2`im`2 /2T2M/2M+2 Q7 Q2 rp2p2+iQ`X Q2 rp2p2+iQ`b r2`2 2ti`+i2/ 7`QK i?2
6Qm`B2` i`Mb7Q`Kb Q7 iQTQ;`T?B2b iF2M i /Bz2`2Mi i2KT2`im`2b Qp2` bBKBH` #mi MQi B/2MiB+H `2;BQMb
Q7 "B2a`2−xGx*mP6+δX CmM+iBQM `2bBbiM+2b r2`2 ivTB+HHv RJ ∼> 1GΩX  p2`iB+H ;`v #` BM/B+i2b
i?2 bmT2`+QM/m+iBM; Tc BM i?Bb bKTH2- M/ i?2 ?Q`BxQMiH ;`v #` BM/B+i2b i?2 rp2p2+iQ` +Q``2bTQM/@
BM; iQ λ = 8a∗X hQTQ;`T?B+ BK;2b r2`2 +Q``2+i2/ 7Q` b+M@TB2xQ /`B7iX 6Qm`B2` i`Mb7Q`K HBM2+mib r2`2
iF2M 7`QK i?2 bvKK2i`Bx2/ HBM2+mi #2ir22M i?2 Q`i?Q`?QK#B+ T2F M/ i?2 "`;; T2FX 1``Q` #`b `2T`2@
b2Mi i?2 TBt2H `2bQHmiBQM BM 6Qm`B2` bT+2- r?B+? rb /2i2`KBM2/ #v i?2 TBt2H `2bQHmiBQM Q7 i?2 iQTQ;`T?B+
BK;2X
M/ i?2 ahJ K2bm`2K2MibX AM Qm` ahJ 2tT2`BK2Mib- i?2 bKTH2 Bb +H2p2/ BM@bBim i +`vQ;2MB+
p+mmK- bm``QmM/2/ #v  +`vQbii i?i Bb #i?2/ BM HB[mB/ ?2HBmKX h?2 +`vQ;2MB+ i2KT2`im`2b
Q7 Qm` 2MpB`QMK2Mi HHQr mb iQ KBMiBM  +`vQ;2MB+ mHi`?B;? p+mmK Qp2` i?2 bTM Q7 KQMi?bX
J2Mr?BH2- i?2 G11. 2tT2`BK2Mib r2`2 T2`7Q`K2/ BM p+mmK +?K#2`b `2[mB`BM; HBM2@Q7@bB;?i
++2bb i T`2bbm`2 P ∼ 5 × 10−11 iQ`` (R9N)- #mi BM  `QQK i2KT2`im`2 +`vQbiiX h?2 i2KT2`@
im`2 /2T2M/2M+2 Q7 Q2 +QmH/ i?2M #2 `2Hi2/ iQ /Bz2`2Mi i2KT2`im`2 /2T2M/2Mi bm`7+2 2z2+ib
#2ir22M i?2 irQ bvbi2KbX
8Xj a+MMBM; imMM2HBM; bT2+i`Qb+QTv Q7 "B2a`2−xGx*mP6+δ
8XjXR aTiBHHv `2bQHp2/ bT2+i`Qb+QTv
>pBM; +?`+i2`Bx2/ i?2 bm`7+2 KQ/mHiBQMb BM "B2a`2−xGx*mP6+δ- r2 T2`7Q`K2/ bTiBHHv `2@
bQHp2/ imMM2HBM; bT2+i`Qb+QTv iQ BK;2 i?2 2H2+i`QMB+ /2MbBiv p`BiBQMbX 6B;m`2 8X8 /BbTHvb `2T@
`2b2MiiBp2 dI/dV bT2+i` Q7 "B2a`2−xGx*mP6+δ Qp2` /Bz2`2Mi 2M2`;v `M;2bX 6B;X 8X8 b?Qrb


























-200 1000-100 200-2 1.51.00.50-0.5-1.0-1.5 2
Bias (V) Bias (mV)
(a) (b)
6B;m`2 8X8, dI/dV bT2+i`Qb+QTv Q7 "B2a`2−xGx*mP6+δX UV >B;? #Bb bT2+i`Qb+QTvX .i +[mB`2/
i Vs = −1 o- Is = 100 T- Vrms = 7 Ko- T = 8.4 EX P`M;2 K`F2`b BM/B+i2 i?2 QMb2i Q7 //BiBQMH
#M/b i V = 1.6 o M/ i V = −1.3 oX _2/ K`F2`b BM/B+i2  EF +2Mi2`2/ bmTT`2bBQM BM dI/dV X U#V
GQr #Bb bT2+i`Qb+QTvX .i +[mB`2/ i T = 9 E- Vs = −200 Ko- Is = 250 T- Vrms = 8.5 KoX 1+?
bT2+i`mK Bb  r2HH@p2`;2/ bBM;H2@TQBMi bT2+i`mK i?i Bb `2T`2b2MiiBp2 Q7 i?2 ivTB+H bm`7+2 bT2+i`X
/Bz2`2Mi #M/bX h?2 #M/ QMb2i i @RXj o `Qm;?Hv ;`22b rBi?  bBKBH` `Bb2 BM dI/dV i M2;iBp2
#Bb2b BM "B@kkRk (R8j- R89)X h?2 BM+`2b2 BM dI/dV BM i?2 mMQ++mTB2/ bii2b i RXe o Bb HBF2Hv `2@
Hi2/ iQ i?2 QMb2i Q7 "B Q` P #M/b T`2/B+i2/ i EF +2 2o (R88)X 6B;X 8X8# b?Qrb  HQr #Bb bT2+@
i`mK BHHmbi`iBM; i?2 .Pa M2` i?2 62`KB H2p2HX h?2 bT2+i`mK b?Qrb  bmTT`2bbBQM BM i?2 .Pa
M2` i?2 62`KB H2p2H r?B+? Bb ∆ ∼ 100 Ko- r?B+? Bb Q7 i?2 +Q``2+i Q`/2` 7Q` ?B;?Hv mM/2`/QT2/
bvbi2Kb (R8e)X
q2 T2`7Q`K2/ KmHiBTH2 bTiBHHv `2bQHp2/ b+MMBM; imMM2HBM; bT2+i`Qb+QTv KTb i p`vBM;
i2KT2`im`2b- M 2tKTH2 Q7 r?B+? Bb b?QrM BM 6B;X 8XeX h?2 iQTQ;`T?B+ BK;2 BM 6B;X 8Xe
b?Qrb i?2 T`2b2M+2 Q7 i?2 Q1 bmT2`KQ/mHiBQM i?`Qm;?Qmi i?2 H`;2 }2H/ Q7 pB2rX >Qr2p2`- i?2
bmT2`KQ/mHiBQM Bb #b2Mi 7`QK i?2 dI/dV KT b?QrM BM 6B;X 8Xe#X AM 7+i- i?2 KQbi T`QKBM2Mi
72im`2 Bb M x M/ y Q`B2Mi2/ KQ/mHiBQM- b?QrM BM 6B;X 8Xe#- M/ i?2 BMb2i Q7 6B;X 8Xe#- i?i
?b #22M /2b+`B#2/ b  +?2+F2`#Q`/ (Rjj)- ~m+imiBM; bi`BT2b (Rj3)- Q`  +?`;2 /2MbBiv rp2
U*.qV (Rjd)X h?2 6h@/Af/o KT b?QrM BM 6B;X 8Xe+ b?Qrb  T`QKBM2Mi T2F BM i?2 /B`2+iBQM
Q7 i?2 *m@P #QM/b i  rp2p2+iQ` bKHH2` i?M i?2 "`;; rp2p2+iQ`X 1tT2`BK2Mib BM "B@#b2/
+mT`i2b ?p2 ii`B#mi2/ i?Bb KQ/mHiBQM BM dI/dV iQ  biiB+ +?`;2 Q`/2`BM; i?i Bb /QTMi /2@
T2M/2Mi (Rjd)X AM 6B;X 8Xd r2 b?Qr M //BiBQMH irQ dI/dV KTb iF2M rBi?  /Bz2`2Mi `2-
iBT- M/ i2KT2`im`2- r?B+? HbQ b?Qrb i?2 T`QKBM2M+2 Q7 i?2 *P rp2p2+iQ` HQM; i?2 *m@P
Nj



















6B;m`2 8Xe, a+MMBM; imMM2HBM; bT2+i`Qb+QTv Q7 "B2a`2−xGx*mP6+δX UV hQTQ;`@
T?v- U#V dI/dV UV4yV- M/ U+V 6Qm`B2` i`Mb7Q`K dI/dV UV4yV KT Q7  65 × 65 MK2 `2;BQM Q7
"B2a`2−xGx*mP6+δX AMb2i BM U#V Bb  K;MB}+iBQM Q7  15 × 15 MK2 `2 b?QrBM; i?2 +?`;2 Q`/2` KQ/@
mHiBQMX _2/ +B`+H2b BM U+V ?B;?HB;?i i?2 "`;; T2`BQ/B+Biv BM i?2 x M/ y /B`2+iBQMbX "Hm2 +B`+H2 ?B;?HB;?ib
i?2 T2F /m2 iQ i?2 +?`;2 Q`/2` b?QrM BM U#VX .i 7`QK @+ r2`2 +[mB`2/ bBKmHiM2QmbHv i, T = 40 E-
Vs = −200 Ko- Is = 200 T- Vrms = 14.1 KoX hQTQ;`T?B+ BK;2 UV M/ dI/dV KT U#V r2`2 +Q``2+i2/
7Q` b+M@TB2xQ /`B7iX 6Qm`B2` i`Mb7Q`K dI/dV BK;2 Q7 U+V rb 9@7QH/ bvKK2i`Bx2/ iQ #2ii2` `2bQHp2 i?2
*.q T2`BQ/B+BivX
#QM/ /B`2+iBQMX
LQM@/BbT2`bBp2 #2?pBQm` Q7 *P T2F
hQ p2`B7v i?i i?2 dI/dV KQ/mHiBQM Bb +imHHv  biiB+ *P `i?2` i?M KQ/mHiBQMb /m2 iQ /Bb@
Q`/2` BM/m+2/ [mbBT`iB+H2 BMi2`72`2M+2 (R8d)- r2 b?Qr i?2 2M2`;v /2T2M/2M+2 Q7 i?2 6h@dI/dV
KT BM 6B;X 8X3X AM 6B;X 8X3 r2 b?Qr i?2 6Qm`B2` HBM2+mi iF2M HQM; i?2 *P #QM/ /B`2+iBQM b 
7mM+iBQM Q7 2M2`;vX h?2 +QHQ` THQi +H2`Hv b?Qrb i?2 T`2b2M+2 Q7  KQ/mHiBQM i Q ∼ 0.25 `XHXmX-
Qp2`  H`;2 `M;2 Q7 2M2`;vX >2`2 r2 /2}M2 R `2+BT`Q+H HiiB+2 mMBi U`XHXmV = 2pi/a0 7Q` +QMp2@
MB2M+2X h?2 #+F;`QmM/ bm#i`+i2/ HBM2+mib BM 6B;X 8X3+ KQ`2 +H2`Hv b?Qr i?i i?2 T2F 2tBbib
Qp2`  rB/2 `M;2 Q7 2M2`;v- M/ /Q2b MQi /BbT2`b2 KQ`2 i?M ∼ 0.02 `XHXmXX "2+mb2 i?2 4a0 T2F
Bb MQM/BbT2`bBp2- i?2 KQ/mHiBQMb BM dI/dV Q#b2`p2/ BM 6B;bX 8Xe- 8Xd Bb  biiB+ +?`;2 Q`/2`X
h?2 +?`;2 Q`/2` b22M BM dI/dV - b b?QrM BM 6B;X 8X3- Bb BM/2T2M/2Mi Q7 ahJ Ki`Bt 2H2K2Mi 27@
72+ib- b b?QrM #v i?2 Z+ MQ`KHBx2/ KT BM 6B;X 8XNX Pm` Q#b2`piBQM Q7  biiB+ +?`;2 Q`/2`
Bb bBKBH` iQ i?2 Q#b2`piBQM Q7 biiB+ +?`;2 Q`/2` #2ir22M y @ 8y Ko BM "B@kkRk (R83)- M/ biiB+
+?`;2 Q`/2` #2ir22M 8 @ j8 Ko BM S#@/QT2/ "B@kkyR (Rjd)X
N9





















6B;m`2 8Xd, a+MMBM; imMM2HBM; bT2+i`Qb+QTv Q7 "B2a`2−xGx*mP6+δX UV dI/dV UV 4 @k9 KoVX
U#V dI/dV UV4 Yk9 KoVX U+V 6Qm`B2` i`Mb7Q`K dI/dV UV 4 @k9 KoVX U/V 6Qm`B2` i`Mb7Q`K dI/dV UV
4 Yk9 KoVX _2/ +B`+H2b BM U+V- M/ U/V BM/B+i2 i?2 HQ+iBQM Q7 i?2 "`;; T2Fb BM 6Qm`B2` bT+2X 6Qm`B2`
i`Mb7Q`Kb ?p2 #22M 9@7QH/ bvKK2i`Bx2/ HQM; i?2 +`vbiH /B`2+iBQMb iQ #2ii2` b?Qr i?2 *.q T2`BQ/B+BivX
 bm#b2i Q7 i?Bb /i rb mb2/ BM *QKBM 2i HX UrBi? i?2 +QHQ` #` Q7 i?2 dI/dV BK;2b BMp2`i2/V (k3)X
.i +[mB`2/ i T = 9 E- Vs = −200 Ko- Is = 250 T- V`Kb = 8.5 Ko Qp2`  43 × 43 MK2 `2;BQM b
b?QrM BM UV M/ U#VX
N8













































V = 24 mV
6B;m`2 8X3, 6Qm`B2` HBM2+mi b?QrBM; Q ∼ 1/4 T2FX UV 6Qm`B2` HBM2+mi 7`QK Q = 0 HQM; i?2 "`;;
/B`2+iBQM b BM/B+i2/ BM 6B;X 8Xd U#V GQr Q #+F;`QmM/ bm#i`+iBQMX h?2 /i 7`QK i?2 V = +24 Ko
HBM2+mi U#Hm2V rb 2tTQM2MiBHHv }i iQ ;Bp2 i?2 #+F;`QmM/ b?QrM BM ;`22MX h?2 *P T2F Bb KQ`2 +H2`Hv
b?QrM #v iFBM; i?2 /Bz2`2M+2 #2ir22M i?2 /i M/ i?2 }i- b b?QrM BM `2/X U+V 6Qm`B2` BMi2MbBiv HQM;
i?2 "`;; /B`2+iBQM i bT2+B}2/ 2M2`;B2b UH#2H2/ BM };m`2VX o2`iB+H /b?2/ HBM2 BM/B+i2b Q ∼ 0.248X
hQ Q#iBM i?2 BM/BpB/mH Q /2T2M/2Mi T`Q}H2b- M 2tTQM2MiBH #+F;`QmM/ rb bm#i`+i2/ 7`QK i?2 /i
b?QrM BM UVX HH T`Q}H2b r2`2 bm#i`+i2/ #v i?2 2tTQM2MiBH }ii2/ iQ i?2 V = 24 Ko T`Q}H2 i?i Bb b?QrM
BM U#VX .i iF2M 7`QK i?2 6Qm`B2` aha KT b?QrM BM 6B;X 8XdX
Ne
























6B;m`2 8XN, 6Qm`B2` bT+2 bB;Mim`2 Q7 *P mbBM; Z+ MQ`KHBxiBQMX UV 6Qm`B2` i`Mb7Q`K Q7
Z+("r, V ) = dI/dV ("r, V )/dI/dV ("r, 200 Ko)X _2/ +B`+H2b `2 TH+2/ Qp2` i?2 "`;; HQ+iBQMX Z+ KT
rb 7Qm`@7QH/ bvKK2i`Bx2/ iQ #2ii2` /BbTHv Q bT+2 bB;Mim`2bX U#V 6Qm`B2` HBM2+mi Q7 Z+ KT b?QrM BM
UV HQM; i?2 bvKK2i`Bx2/ x /B`2+iBQMX
8XjXk *.q Q`/2`BM; i q = 1/4
>pBM; 2bi#HBb?2/ i?2 2tBbi2M+2 Q7 *P BM i?Bb bvbi2K- r2 MQr KQp2 iQ T`2+Bb2Hv /2i2`KBMBM;
i?2 K;MBim/2 Q7 i?2 *P rp2p2+iQ`X AM Qi?2` bim/B2b Q7 "B@#b2/ +mT`i2b- i?2 *P rp2p2+iQ`
rb 7QmM/ iQ #2 Q = 0.3 `XHXmX BM l.98E "B@kkRk (R83)- yXR8 `XHXmX iQ yXkj `XHXmX Qp2`  `M;2
Q7 /QTBM;b BM S#@/QT2/ "B@kkyR (Rjd)- yXk `XHXmX BM PSjkE G@"BkkyR (R9d- R8k- R8N)- M/ yXk8
`XHXmX BM l.kNE G@"BkkyR (Rey)X q2 +?Qb2 iQ K2bm`2 i?2 rp2p2+iQ` T`BK`BHv 7`QK i?2 dI/dV
KQ/mHiBQMb i V = 24 Ko- #2+mb2 r2 7QmM/ i?2 *P rp2p2+iQ` iQ #2 KQbi T`QMQmM+2/ BM
6Qm`B2` bT+2 i i?i 2M2`;v- BM ;`22K2Mi rBi? bBKBH` K2bm`2K2Mib (R83)X 6Q` V = 24 Ko- i?2
6Qm`B2` HBM2+mi HQM; i?2 *m@P #QM/ /B`2+iBQM Bb b?QrM BM 6B;X 8XRyX h?2 +2Mi2` Q7 i?2 :mbbBM
Bb M 2ti`+i2/ }i T`K2i2`, q0 = 0.248 ± 0.002 `XHXmX- r?2`2 i?2 2``Q` #` Bb i?2 N8W +QM}/2M+2
BMi2`pH Q7 i?2 }iX >Qr2p2`- i?2 /QKBMMi mM+2`iBMiv BM /2i2`KBMBM; i?2 *P rp2p2+iQ` Bb i?2
`M;2 Q7 *P rp2p2+iQ`b i /Bz2`2Mi 2M2`;B2bX 6`QK i?2 HBM2+mi BM 6B;X 8X3+- r2 +M b22 i?i 7Q`
bQK2 2M2`;B2b- i?2 KtBK BM i?2 6Qm`B2` HBM2+mib `2 HQ+i2/ i q = 0.236 `XHXmX U2X;X o 4 dk
KoVX q2 i?2`27Q`2 iF2 i?2 b2T`iBQM #2ir22M i?2 +2Mi2` 7`QK i?2 }i- M/ i?Bb TQBMi iQ #2 i?2
2``Q` BM Qm` K2bm`2K2Mi Q7 qCO = 0.248± 0.012X 6`QK i?2 }iiBM; T`K2i2`b b?QrM BM 6B;X 8XRy-
i?2 HBM2rB/i? Q7 i?2 *P T2F Bb w = s/√2- 7Q` i?2 }iiBM; T`K2i2` s = 0.044 ± 0.004 `XHXmXX
Nd










V = 24 mV
6B;m`2 8XRy, .2i2`KBMBM; i?2 QCDW T2`BQ/B+BivX 1tKTH2 Q7 }iiBM; T`Q+2/m`2 7Q` 6Qm`B2` BMi2MbBiv
T`Q}H2 I(q, V = 24mV)X "Hm2 +B`+H2b `2T`2b2Mi i?2 /i iF2M 7i2` `2KQpBM; M 2tTQM2MiBH #+F;`QmM/-
b /2b+`B#2/ BM 6B;X 8X3X h?2 `2/ T`Q}H2 Bb i?2 #2bi }i iQ  :mbbBM T`Q}H2 rBi?  HBM2` #+F;`QmM/, I =
A exp(−(q − q0)2/s2) + aq + bX 6Bi T`K2i2`b 2ti`+i2/ 7`QK i?2 #2bi }i `2, q0 = 0.248 ± 0.002- s =
0.044 ± 0.004- r?2`2 i?2 }i T`K2i2` 2``Q` #`b `2T`2b2Mi i?2 N8W +QM}/2M+2 BMi2`pH Q7 i?2 }iX h?2
b2T`iBQM #2ir22M i?2 TBt2Hb BM Q bT+2 Bb yXyyd8 `XHXmX
h?2 6q>J +M i?2M #2 2pHmi2/ mbBM; i?2 7+i i?i 7Q`  :mbbBM- FWHM = 2√2 ln 2w =
0.073± 0.07 `XHXmX- r?B+? H2/b iQ  +Q``2HiBQM H2M;i? b `2TQ`i2/ BM _27X (k3) Q7 ξ = 28± 2 ³X
8XjXj 1pB/2M+2 7`QK _1sa M/ _S1a
Pm` K2bm`2K2Mi Q7 i?2 *P rp2p2+iQ` qCO = 0.248 ± 0.01 BM l.R8E "B2a`2−xGx*mP6+δ
bKTH2b rb +Q``Q#Q`i2/ #v BM/2T2M/2Mi K2bm`2K2Mib QM i?2 bK2 +`vbiHb #v Qm` +QHH#Q@
`iQ`b i i?2 lMBp2`bBiv Q7 "`BiBb? *QHmK#B- M/ i?2 Jt SHM+F AMbiBimi2 7Q` aQHB/ aii2 _2@
b2`+? (k3)X PM i?2 bK2 "B2a`2−xGx*mP6+δ +QKTQmM/b M/ Qp2`  H`;2` `M;2 Q7 /QTBM;- `2b@
QMMi t@`v b+ii2`BM; U_1saV 2tT2`BK2Mib r2`2 #H2 iQ T`Q#2 p`BiBQMb BM i?2 2H2+i`QMB+ /2M@
bBiv T`Q}H2 BM i?2 *mP2 THM2bX AM _1sa- i?2 T?QiQM 2M2`;v Bb imM2/ iQ #2 BM `2bQMM+2 rBi?
i?2 #bQ`TiBQM Q7 bT2+B}+ 2H2K2Mib- HHQrBM; iQKB+ b2MbBiBpBiv iQ 2H2+i`QMB+ /2MbBiv p`BiBQMb BM
i?2 #mHF (k3- Rjy)X i i?2 bK2 /QTBM; Ul.R8EV- _1sa K2bm`2/  qCO = 0.265 ± 0.01 (k3)-
BM ;`22K2Mi rBi? Qm` K2bm`2K2MiX "2+mb2 _1sa Bb  #mHF T`Q#2- i?2 +QBM+B/2M+2 Q7 i?2b2
irQ rp2p2+iQ`b /2KQMbi`i2b i?i i?2 bm`7+2 *P K2bm`2/ BM ahJ Bb i?2 bK2 #mHF *P K2@
bm`2/ pB _1saX 6m`i?2`KQ`2- _S1a K2bm`2K2Mib BM i?2b2 l.R8E +`vbiHb b?Qr2/ i?i i?2
QCO ≈ 0.25 `XHXmX rp2p2+iQ` Ki+?2b iQ i?2 k@bT+2 /BbiM+2 #2ir22M i?2 ?Qi bTQib Q7 i?2 62`KB
`+b UQHS = 0.255 ± 0.1V (k3)X h?2 +QK#BMiBQM Q7 i?2b2 bm`7+2 M/ #mHF T`Q#2b Q7 i?2 bK2
N3
"B@#b2/ +mT`i2 +`vbiHb i i?2 bK2 /QTBM; Bb bi`QM; 2KTB`B+H 2pB/2M+2 7Q`  λ = 4a0 bm`7+2
M/ #mHF +?`;2 Q`/2` i x = 1/8 /QTBM;X h?Bb *P Bb `2Hi2/ iQ i?2 rp2p2+iQ` i?i +QMM2+ib
i?2 ?Qi@bTQib Q7 i?2 62`KB `+b BM i?2 l. `2;BK2- b QTTQb2/ iQ MiBMQ/H M2biBM; b T`2pBQmbHv
bbmK2/ (Rjk-Rjd-ReR)X
8X9 .Bb+mbbBQM
h?2 /QTBM; /2T2M/2M+2 Q7 i?2 *P rp2p2+iQ` K2bm`2/ BM _27X (k3)- M/ `2+2Mi rQ`F QM i?2 #B@
Hv2` +QKTQmM/ (R83)- p2`B7v i?i i?2 bm`7+2 *P 2ti2MbBp2Hv bim/B2/ T`2pBQmbHv (Rjj- Rj9- RjeĜ
Rj3- RekĜRe9) Bb MQi `2bi`B+i2/ iQ bQK2 bm`7+2 T?2MQK2MQM- #mi `2T`2b2Mib  *P i?i T2`p/2b
BMiQ i?2 #mHFX h?2 +QBM+B/2M+2 Q7 i?2 *P rp2p2+iQ` BM /QTBM; rBi? i?2 q ∼ 0.25 rp2p2+iQ` i
x = 1/8 BM G@#b2/ +mT`i2b (RkN- Rjy)- M/ BM u@#b2/ +mT`i2b (Rjk)- bm;;2bib i?i i?2 *P
Bb m#B[miQmb i?`Qm;?Qmi i?2 +mT`i2 7KBHvX 6m`i?2`KQ`2- i?2 i2KT2`im`2 /2T2M/2Mi K2bm`2@
K2Mib Q7 "B2a`2−xGx*mP6+δ #v Qm` +QHH#Q`iQ`b (k3) b?Qrb i?i i?2 QMb2i i2KT2`im`2 Q7 i?2
*P Bb +QBM+B/2Mi rBi? i?2 Tb2m/Q;T i2KT2`im`2 K2bm`2/ #v LJ_ (k3- Re8)X h?Bb bm;;2bib 
+HQb2 `2HiBQMb?BT #2ir22M i?2 m#B[mBiQmb *P Q#b2`p2/ M/ i?2 S: T?b2X q?BH2 i?2b2 }M/BM;b
biBHH H2p2 QT2M i?2 [m2biBQM Q7 i?2 K2+?MBbK /`BpBM; bmT2`+QM/m+iBpBiv Q` +?`;2 Q`/2`BM;- i?2
mMBp2`bHBiv Q7 i?2 *P `2TQ`i2/ ?2`2 T`QpB/2b BKTQ`iMi BMbB;?i BMiQ mM/2`biM/BM; i?2 +mT`i2bX
NN
6
L2KiB+ P`/2` BM "B@#b2/ *mT`i2b
h?Bb +?Ti2` /Bb+mbb2b 2tT2`BK2Mib i?i r2 T2`7Q`K2/ BMp2biB;iBM; i?2 2tT2`BK2MiH pHB/Biv Q7
#`QF2M 2H2+i`QMB+ BMi`@mMBi +2HH `QiiBQMH bvKK2i`v BM "B@kkyRX q2 +QM/m+i2/ ?B;? `2bQHmiBQM




eXRXR AMi`@mMBi +2HH 2H2+i`QMB+ M2KiB+Biv BM +mT`i2b
lM/2`biM/BM; r?2i?2` i?2 Tb2m/Q;T T?b2 BM ?B;?@Tc +mT`i2b ?b Mv bbQ+Bi2/ #`QF2M bvK@
K2i`B2b Bb F2v iQ mM`p2HBM; i?2 Tb2m/Q;T T?b2bǶb Kvbi2`BQmb Q`B;BM (Ree- Red)X _2+2Mi 2tT2`@
BK2Mib ?p2 7QmM/ 2pB/2M+2 7Q` M 2H2+i`QMB+ BMi`@mMBi +2HH M2KiB+ Q`/2` (R8y)- r?2`2 i?2 2H2+@
i`QMB+ bii2b #`2F `QiiBQMH bvKK2i`v #mi T`2b2`p2 i?2 i`MbHiBQMH bvKK2i`v Q7 i?2 HiiB+2
(R8y- Re3)X h?2b2 2tT2`BK2Mib mb2/ i?2 ?B;?@bTiBH `2bQHmiBQM Q7 aha iQ BK;2 `QiiBQMH bvK@
K2i`v #`2FBM; QM i?2 iQKB+ H2M;i? b+H2X AM T`iB+mH`- GrH2` 2i HX (R8y) 7QmM/ 2pB/2M+2 7Q`
M 2H2+i`QMB+ BM2[mBpH2M+2 #2ir22M i?2 bii2b i i?2 Qtv;2M bBi2b BM i?2 x M/ y /B`2+iBQMbX h?Bb
7Qm`@7QH/ bvKK2i`v #`2FBM;- r?2`2 i?2 2H2+i`QMB+ Q`/2` T`272`2MiBHHv +?QQb2b QM2 /B`2+iBQM Qp2`
i?2 Qi?2`- rb 7QmM/ iQ b+H2 rBi? i?2 Tb2m/Q;T 2M2`;v- M/ Bb i?2`27Q`2 BM ;`22K2Mi rBi?
Qi?2` Q#b2`piBQMb Q7 #`QF2M bvKK2i`B2b i?i b+H2 rBi? i?2 Tb2m/Q;T i2KT2`im`2 (ReNĜRdR)X
>Qr2p2`- i?2`2 Bb biBHH bQK2 /2#i2 QM i?2 2tT2`BK2MiH pHB/Biv Q7 i?2 +HBK2/ Q#b2`piBQM Q7
2H2+i`QMB+ BMi`@mMBi +2HH M2KiB+Biv BM i?2 +mT`i2b (Rdk)- M/ //BiBQMH ahJ 2tT2`BK2Mib ?p2
#22M +QM/m+i2/ iQ BMp2biB;i2 i?2 Bbbm2 7m`i?2` (Rdk- Rdj)X .Bz2`2Mi 2tT2`BK2Mib ?p2 +QK2 Qmi
;BMbi M/ BM bmTTQ`i Q7 i?2 Q#b2`p2/ M2KiB+BivX ++Q`/BM; iQ QM2 TT2`- i?2 M2KiB+Biv Bb
HBF2Hv /m2 iQ iBT bi`m+im`2 (Rdk)- r?BH2 MQi?2` TT2` ?b bmTTQ`i2/ i?2 Q#b2`piBQM Q7 M2KiB+@
Biv #v p2`B7vBM; i?2 ?B;? bTiBH `2bQHmiBQM Q7 i?2 i2+?MB[m2 BM GrH2` 2i HX (Rdj)X AM i?Bb +?Ti2`
r2 T`QpB/2 //BiBQMH BMbB;?i BMiQ i?2 2tT2`BK2MiH pHB/Biv Q7 GrH2` 2i HXǶb Q#b2`piBQM Q7 2H2+@
i`QMB+ M2KiB+Biv (R8y) #v T2`7Q`KBM; ?B;?@`2bQHmiBQM aha 2tT2`BK2Mib mM/2`  p`B2iv Q7 2tT2`B@
K2MiH +QM/BiBQMbX
eXRXk 1tT2`BK2MiH /27BMBiBQM Q7 BMi`@mMBi +2HH M2KiB+Biv
GrH2` /2}M2/ M BMi`@mMBi +2HH M2KiB+ T`K2i2` Q7 p`B#H2 M - b (R8y),








6B;m`2 eXR, _2H@bT+2 BMi2`T`2iiBQM Q7 L2KiB+ Q`/2` T`K2i2`X h?2 `2H +QKTQM2Mib Q7 i?2
"`;; T2`BQ/B+BiB2b Qx M/ Qy `2 BMi2`T`2i2/ b i?2 T2`BQ/B+Biv i?i Bb BM@T?b2 rBi? i?2 *m iQKbX 6B;@
m`2 /Ti2/ 7`QK _27X (R8y)X
r?2`2 Qx,y `2 i?2 "`;; T2Fb BM i?2 x M/ y /B`2+iBQMb- M/ M˜ Bb i?2 +QKTH2t@pHm2/ 6Qm`B2`
i`Mb7Q`K Q7 M X 6B;m`2 eXR BHHmbi`i2b i?2 `2H@bT+2 BMi2`T`2iiBQM Q7 1[MX eXRX GrH2` 2i HX
b?Qr2/ i?i rBi?BM 2+? mMBi +2HH-
Re[M˜(Qx)] =MCu +MOy −MOx UeXkV
Re[M˜(Qy)] =MCu +MOx −MOy UeXjV
h?2`27Q`2 i?2 L2KiB+ Q`/2` T`K2i2` b /2}M2/ BM 1[MX eXR `2/m+2b iQ-
ON [M ] = 2(MOy −MOx) UeX9V
M/ i?2 L2KiB+ Q`/2` T`K2i2`- r?B+? Bb /2}M2/ #b2/ QM i?2 "`;; T2`BQ/B+BiB2b BM i?2 6Qm`B2`
i`Mb7Q`K- +M #2 BMi2`T`2i2/ b  ;HQ#H p2`;2 Q7 i?2 /Bz2`2M+2 #2ir22M i?2 Py M/ i?2 Px
bBi2bX AM i?Bb rv- ON (= 0 BKTHB2b i?i i?2`2 Bb M BM2[mBpH2M+2 #2ir22M i?2 P #QM/ /B`2+iBQMb
BM i?2 x M/ y /B`2+iBQMb- #`2FBM; i?2 `QiiBQMH bvKK2i`v Q7 i?2 *mP2 mMBi +2HHX
Ryk
q2 T`Q#2 i?`22 bbmKTiBQMb BM _27X (R8y)X 6B`bi- r2 /Bb+mbb r?2i?2` 2H2+i`QMB+ BMi`@mMBi +2HH
M2KiB+Biv +M `2HB#Hv #2 Q#b2`p2/ BM dI/dV KTb- r?B+? `2 i?2 KQbi bi`B;?i7Q`r`/ 2tT2`B@
K2MiH [mMiBivX a2+QM/Hv- r2 /Bb+mbb i?2 miBHBiv Q7 _27X (R8y)Ƕb mb2 Q7 i?2 Z@KT MQ`KHBxiBQMX
6BMHHv- r2 /Bb+mbb r?2i?2` 2tT2`BK2MiH 2``Q`b rBi?BM i?2 ahJ K2bm`2K2Mi i2+?MB[m2b +M
;Bp2 `Bb2 iQ M 2``QM2Qmb M2KiB+ bB;MHX
eXk 1tT2`BK2MiH /2KQMbi`iBQM Q7 dI/dV Ki`Bt 2H2K2Mib
q2 }`bi //`2bb r?2i?2` i?2 Z("r, V ) = dI/dV ($r,V )dI/dV ($r,−V ) MQ`KHBxiBQM b+?2K2 mb2/ #v GrH2` 2i HX Bb
`2[mB`2/ iQ HQQF 7Q` BMi`@mMBi +2HH #`QF2M bvKK2i`v- M/ r?2i?2` bi`B+iHv mbBM; i?2 2tT2`BK2MiH




(V ) = I0e
−2κ∆zρ(eV ) UeX8V
r?2`2 I0 Bb  +QMbiMi rBi? mMBib Q7 +m``2Mi- κ Bb i?2 HQ+H #``B2` ?2B;?i- M/ ∆z Bb i?2 iBT@bKTH2
b2T`iBQMX dI/dV Bb +QKKQMHv bbQ+Bi2/ /B`2+iHv iQ i?2 HQ+H /2MbBiv Q7 bii2b- rBi?Qmi +QMbB/@
2`iBQM 7Q` i?2 ahJ imMM2HBM; Ki`Bt 2H2K2Mib, exp(−2κ∆z)X 6Q` BMi2`T`2iBM; dI/dV 7Q` ?B;?
`2bQHmiBQM Tm`TQb2b- bm+? b BMi`@mMBi +2HH #`QF2M bvKK2i`v- r2 ?p2 iQ #2 p2`v +`27mH BM mM@
/2`biM/BM; i?2 H2M;i?b+H2b Q7 i?2 Ki`Bt 2H2K2Mi- M/ r?2i?2` Bi rBHH +QmTH2 BMiQ Qm` /2bB`2/
bB;MHX
q2 i2bi2/ r?2i?2` dI/dV +QmH/ /B`2+iHv #2 bbQ+Bi2/ rBi? i?2 .Pa #v +[mB`BM; irQ bBKmH@
iM2Qmb dI/dV KTb rBi? /Bz2`2Mi Ki`Bt 2H2K2MibX q2 p`B2/ i?2 Ki`Bt 2H2K2Mib #v +?M;@
BM; i?2 2tT2`BK2MiH pQHi;2 M/ +m``2Mi 722/#+F b2iTQBMib- (Vs, Is) bQ i?i Vs1 = −Vs2- #mi
|Is1| = |Is2|X h?2 irQ dI/dV KTb r2`2 T2`7Q`K2/ bBKmHiM2QmbHv #v }`bi b2iiBM; i?2 b2iTQBMi
iQ (Vs, Is)1- +[mB`BM;  dI/dV bT2+i`mK- +?M;BM; i?2 b2iTQBMi iQ (Vs, Is)2- M/ i?2M T2`7Q`K@
BM;  b2+QM/ dI/dV bT2+i`Qb+QTvX h?Bb T`Q+2bb rb `2T2i2/ i 2+? TBt2H- bQ i?i 2+? TBt2H
rBi?BM dI/dV1 Bb iF2M rBi?BM ∼ 2 b2+QM/b Q7 dI/dV2X A7 BMbi2/- r2 ?/ +[mB`2/ i?2 irQ dI/dV
KTb BM bm++2bbBQM- `i?2` i?M bBKmHiM2QmbHv- i?2 TB2xQ2H2+i`B+b i?i +QKT`Bb2 i?2 ahJ b+MM2`

















































6B;m`2 eXk, _Q#mbiM2bb Q7 dI/dV KTb iQ VsX UV >B;? `2bQHmiBQM ahJ iQTQ;`T?v Qp2`  9.5 × 9.5
MK2 `2;BQM Q7 Qp2`/QT2/ Tc = 16 E "B2−yS#ya`2*mP6+δX hQTQ;`T?v rb bBKmHiM2QmbHv +[mB`2/ Qp2`
i?2 bK2 }2H/ Q7 pB2r b b?QrM BM U+V@U?V- rBi? Vs = −100 KoX U#V p2`;2 bT2+i` i /Bz2`2Mi VsX U+@
?V dI/dV KTb i i?2 BM/B+i2/ #Bb UBM KoV +[mB`2/ rBi? Vs = −100 Ko 7Q` U+V@U2V- M/ Vs = +100
Ko 7Q` U7V@U?VX HH /i rb +[mB`2/ i T = 4.75 E- Is = 100 T- Vrms = 2.1 KoX h?2 aha KTb r2`2
+Q``2+i2/ 7Q` b+M@TB2xQ /`B7i mbBM; i?2 H;Q`Bi?K Q7 _27bX (R8y- R8R)X h?2 /`B7i }2H/b mb2/ 7Q` 2+? /ib2i
r2`2 +[mB`2/ 7`QK i?i /ib2iǶb QrM bBKmHiM2QmbHv +[mB`2/ iQTQ;`T?B+ BK;2 UBX2X dI/dV (V −s ) rb
+Q``2+i2/ mbBM; i?2 bBKmHiM2Qmb iQTQ;`T? +[mB`2/ i V −s VX
TB2xQ2H2+i`B+ 2``Q`bX
h?2 `2bmHib Q7 i?Bb 2tT2`BK2Mi `2 b?QrM BM 6B;X eXkX 6B;m`2 eXk b?Qrb  iQTQ;`T?B+ BK;2 Q7
i?2 9.5 × 9.5 MK2 `2;BQM i?i r2 bim/B2/X h?2 iQTQ;`T? ?b 2t+2HH2Mi bTiBH `2bQHmiBQM- M/ H@
HQrb `2bQHmiBQM Q7 BM/BpB/mH "B iQKb- b r2HH b S# iQKb- r?B+? TT2` b H`;2` #`B;?i iQKbX
1+? iQK Bb `2bQHp2/ #v  ∼ 7 × 7 TBt2H ;`B/- 2Mbm`BM; 2t+2HH2Mi iQKB+ BMi`@mMBi +2HH `2bQHm@
iBQMX 6B;X eXk# b?Qrb i?2 }2H/@Q7@pB2r p2`;2/ bT2+i` 7Q` i?2 irQ dI/dV KTbX h?2 bT2+i`
b?Qrb +?`+i2`BbiB+ ;T 72im`2b i ∆ ∼ 25 Ko- BM ;`22K2Mi rBi? T`2pBQmb K2bm`2K2Mib Q7
"B@kkyR (R9R)X h?2 p2`iB+H Qzb2i #2ir22M i?2 irQ bT2+i` `2 i?2 `2bmHi Q7 i?2 7+i i?i i?2`2 Bb
KQ`2 BMi2;`i2/ bT2+i`H r2B;?i 7`QK V = 0 → V = −100 Ko- i?M 7`QK V = 0 → V = +100
KoX h?Bb +mb2b i?2 z TQbBiBQM Q7 i?2 Vs = −100 Ko dI/dV KT iQ #2 7m`i?2` rv 7`QK i?2
bm`7+2 iQ }t I = Is- i?2`2#v `2/m+BM; i?2 +QM/m+iM+2X
6B;bX eXk+@? `2 i?2 F2v `2bmHib Q7 i?Bb 2tT2`BK2MiX q2 THQi `2T`2b2MiiBp2 dI/dV BK;2b i
i?2 bK2 #Bb2b Q7 i?2 irQ +[mB`2/ /ib2ib #2bB/2 2+? Qi?2` BM 6B;X eXk+@?X q?i Bb KQbi
Ry9
















6B;m`2 eXj, *`Qbb +Q``2HiBQM Q7 dI/dV KTb i /Bz2`2Mi VsX h?2 +Q``2HiBQM Bb +QKTmi2/ 7`QK i?2
[mMiBiv, dI/dV ("r, Vs1) ∗ dI/dV ("r, Vs2)- r?2`2 i?2 dI/dV KTb `2 iF2M 7`QK i?Qb2 b?QrM BM 6B;X eXkX
*`Qbb +Q``2HiBQM 4 R BM/B+i2b  +Q``2HiBQM #2ir22M B/2MiB+H BK;2bX
bi`BFBM; #2ir22M i?2 irQ /ib2ib +[mB`2/ i /Bz2`2Mi Vs Bb i?i 2+? Q7 i?2 +Q``2bTQM/BM; KTb
`2 MQi i?2 bK2X q?BH2 bBKBH` Tii2`Mb `2 `2bQHp#H2 #2ir22M +Q``2bTQM/BM; KTb i i?2 bK2
#Bb- i?2`2 `2 biBHH bB;MB}+Mi /Bz2`2M+2b #2ir22M i?2 irQX h?2b2 }M/BM;b `2 bmKK`Bx2/ BM 6B;X
eXj r?B+? b?Qrb i?2 +`Qbb +Q``2HiBQM Q7 i?2 +Q``2bTQM/BM; dI/dV KTb b  7mM+iBQM Q7 #BbX
q2 +M b22 i?i i?2 +Q``2HiBQM ;2ib T`Q;`2bbBp2Hv rQ`b2- M/ Bb 7` 7`QK i?2 B/2H +Q``2HiBQM Q7
RX Pp2`HH i?Bb BKTHB2b i?i i?2 Ki`Bt 2H2K2Mib BM dI/dV `2 bB;MB}+Mi- M/ i?i dI/dV (= ρ-
bi`B+iHv bT2FBM;X
eXkXR .B772`2MiBH hmMM2HBM; *QM/m+iM+2 Ji`Bt 1H2K2Mib
q2 MQr /Bb+mbb i?2 +mb2 Q7 i?2 Ki`Bt 2H2K2Mi /2T2M/2M+2 QM Vs b?QrM BM 6B;bX eXk-eXjX _2+HH
7`QK *?Ti2` k i?i i?2 imMM2HBM; +m``2Mi M/ /Bz2`2MiBH imMM2HBM; +QM/m+iM+2 `2 ;Bp2M #v,
I("r, V ) = I0 exp(−2κ∆z)
∫ EF+eV
EF
ρ("r, V ′)dV ′ UeXeV
dI
dV
("r, V ) = I0 exp(−2κ∆z)ρ("r, eV ) UeXdV
Ry8
r?2`2 r2 ?p2 BMb2`i2/ "r /2T2M/2M+2 BMiQ i?2 #Qp2 `2HiBQMbX i }t2/ "r- i?2 Ki`Bt 2H2K2Mi Bb
/2i2`KBM2/ #v i?2 b2T`iBQM #2ir22M i?2 iBT M/ i?2 bKTH2- ∆zX _2+HH 7`QK *?Ti2` k i?i











r?B+?- r?2M bm#biBimi2/ BMiQ 1[MX eXd #2+QK2b,
dI
dV




ρ("r, eV ′)dV ′
)
· ρ("r, eV ) UeXNV





ρ("r, eV ′)dV ′
)
UeXRyV
h?Bb 7Q`KmHiBQM Q7 dI/dV `2Hi2b dI/dV iQ i?2 bmK Q7 i?2 bT2+i`H r2B;?i 7`QK EF iQ EV + eVsX
hQ }`bi Q`/2`- B7 r2 B;MQ`2 i?2 bTiBH /2T2M/2M+2 BM 1[MX eXN- i?2 irQ aha KTb b?QrM BM 6B;bX
eXk-eXj rQmH/ /Bz2` #v M Qp2`HH KmHiBTHB+iBp2 +QMbiMi i?i Bb `2Hi2/ iQ i?2 bmK Q7 i?2 bT2+i`H




)−1 7Q` Vs = −100 Ko- M/ (∫ +1000 ρ("r, eV ′)dV ′)−1
7Q` Vs = +100 Ko- M/ r?2`2 V ′ Bb BM mMBib Q7 KoX h?Bb 7+i rQmH/ 2tTHBM i?2 Qp2`HH +?M;2 BM
i?2 +QMi`bi 7Q` i?2 irQ BK;2bX
>Qr2p2`- M //BiBQMH 7+i i?i r2 ?p2 B;MQ`2/ Bb i?2 bTiBH /2T2M/2M+2 Q7 |M |2X 6`QK
1[MX eXRy- r2 +M b22 i?i |M |2 ?b "r /2T2M/2M+2 UBM i?2 /2MQKBMiQ` Q7 1[MX eXRyV bQ i?i
7Q` "r1 (= "r2- |M("r1)|2 (= |M("r2)|2X aT2+B}+HHv- i?2 b[m`2 Q7 i?2 Ki`Bt 2H2K2Mib /Bz2`b #v
i?2 bmK Q7 i?2 bT2+i`H /2MbBiv i 2+? HQ+iBQM- b /2b+`B#2/ BM 1[MX eXRyX AM BMbiM+2b r?2`2
i?2`2 Bb +?`;2 Q`/2`BM; Q` /2MbBiv Q7 bii2b KQ/mHiBQMb- |M |2 i i?2 T2Fb Q7 i?2 +?`;2 /2MbBiv
rp2 rBHH #2 /Bz2`2Mi 7`QK |M |2 i i?2 x2`Qb Q7 i?2 +?`;2 /2MbBiv rp2- M/ ?p2 i?2 `2HiBQM,∫
ρ("rpk, V )dV >
∫
ρ("rzero, V )dV X h?Bb BKTHB2b i?i 2p2M rBi?BM  bBM;H2 aha KT- 2+? TQBMi BM
i?2 dI/dV KT rBHH /Bz2` 7`QK 2p2`v Qi?2` TQBMi #v  KmHiBTHB+iBp2 +QMbiMi i?i /2T2M/b QM
i?2 BMi2;`i2/ bT2+i`H r2B;?iX AM KQbi +b2b- r2 bbmK2 i?i #v }tBM; i?2 iBT@bKTH2 b2T`iBQM
Rye
BM  722/#+F HQQT i 2+? HQ+iBQM- r2 `2 2tTHB+BiHv }tBM; ∫ Vs10 ρ("r, eV ′)dV ′ ≈ ∫ Vs20 ρ("r, eV ′)dV ′-
bQ i?i i?2 Ki`Bt 2H2K2Mib /Bz2` QM  bKHH b+H2 +QKT`2/ iQ i?2 p`BiBQMb BM i?2 /2MbBiv
Q7 bii2bX h?Bb bbmKTiBQM HHQrb mb iQ ivTB+HHv BMi2`T`2i dIdV ("r, V ) KTb b `2T`2b2MiiBp2 Q7
ρ("r, eV ) KTbX >Qr2p2`- 7Q` i?2 bi`BM;2Mi 2tT2`BK2MiH `2[mB`2K2Mib Q7 BMi`@mMBi +2HH M2KiB+@
Biv- +`27mH +QMbB/2`iBQM Kmbi #2 TB/ iQ 2HBKBMi2 i?2 bQm`+2 Q7 i?Bb 7Hb2 bTiBH /2T2M/2M+2X
eXj Z KT MQ`KHBxiBQM
q2 MQr /Bb+mbb r?2i?2` dI/dV MQ`KHBxiBQM i2+?MB[m2b +M #2 mb2/ iQ +Q``2+i i?2 bTiBH M/
2tT2`BK2MiH /2T2M/2M+2 Q7 i?2 dI/dV KTb b?QrM BM 6B;X eXkX
AM GrH2` 2i HX (R8y)- i?2 #`QF2M BMi`@mMBi +2HH `QiiBQMH bvKK2i`v rb 7QmM/ BM Z MQ`KH@
Bx2/ KTb i?i r2`2 BMi`Q/m+2/ #v G22 2i HX (Rd9) iQ `2KQp2 i?2 2z2+i Q7 i?2 imMM2HBM; Ki`Bt
2H2K2Mib |M |2X h?2 w@KT Bb /2}M2/ #v T2`7Q`KBM; i?2 7QHHQrBM; QT2`iBQM iQ dI/dV KTb,
Z("r, V ) =
dI/dV ("r, V )
dI/dV ("r,−V ) 7Q` V > 0X UeXRRV
"2+mb2 i?2 2tT`2bbBQM 7Q` i?2 b[m`2 Q7 i?2 Ki`Bt 2H2K2Mib BM 1[MX eXRy /2T2M/b QMHv QM U"r, Vs, IsV-
dI/dV /i iF2M i /Bz2`2Mi 2M2`;B2b- #mi i i?2 bK2 bTiBH HQ+iBQM- rBHH ?p2 i?2 bK2 K@
i`Bt 2H2K2MiX h?2`27Q`2 Mv MQ`KHBxiBQM b+?2K2 i?i /BpB/2b dI/dV ("r, V1) #v dI/dV ("r, V2)- rBHH
2HBKBMi2 i?2 2z2+i Q7 i?2 Ki`Bt 2H2K2Mi- #mi i?2 F2v Bb +?QQbBM;  MQ`KHBxiBQM b+?2K2 i?i
?b T?vbB+H bB;MB}+M+2X AM i?2 +b2 Q7 i?2 Z KT /2}M2/ BM 1[MX eXRR- bi`B;?i7Q`r`/ 2pHm@
iBQM H2/b iQ,
Z("r, V ) =
ρ("r, V )
ρ("r,−V ) 7Q` V > 0X UeXRkV
h?2 Z KT +M i?2M #2 BMi2`T`2i2/ b K2bm`BM; i?2 T`iB+H2@?QH2 bvKK2i`v Q7 i?2 bvbi2K-
r?B+? i?2Q`2iB+HHv b?QmH/ #2 7`22 Q7 Ki`Bt 2H2K2Mi 2z2+ibX
q2 p2`B}2/ i?2 `Q#mbiM2bb Q7 i?2 Z KT MQ`KHBxiBQM iQ /Bz2`2Mi Ki`Bt 2H2K2Mib Q7 i?2 mM@
/2`HvBM; dI/dV KTb- #v T2`7Q`KBM; i?2 Z MQ`KHBxiBQM iQ i?2 dI/dV KTb +[mB`2/ BM 6B;X























6B;m`2 eX9, _Q#mbiM2bb Q7 w@KT MQ`KHBxiBQM iQ VsX w@KT MQ`KHBxiBQM Q7 dI/dV KT 7`QK
6B;X eXk +[mB`2/ i Vs = −100 Ko U@+V - Vs = +100 Ko U/@7VX LQi2 HH TM2Hb `2 THQii2/ QM i?2 bK2
+QHQ` b+H2- M/ i?i r?Bi2 BM i?Bb +QHQ` b+H2 +Q``2bTQM/b iQ Z = 1- M/ +M #2 BMi2`T`2i2/ b #2BM; 
HQ+iBQM i?i Bb T`iB+H2@?QH2 bvKK2i`B+X
`2 b?QrM BM 6B;bX eX9@+ M/ eX9/@7- `2bT2+iBp2HvX h?2 irQ Z MQ`KHBx2/ KTb `2 BM 2t+2HH2Mi
;`22K2Mi rBi? 2+? Qi?2`- 2p2M i?Qm;? i?2 `2bT2+iBp2 dI/dV KTb r2`2 +[mB`2/ rBi? /Bz2`@
2Mi VsX h?2 bTiBH Tii2`Mb BM #Qi? KTb- M/ i?2 Z BMi2MbBiB2b `2 HH BM ;`22K2Mi bTiBHHv-
BM +QMi`bi iQ i?2 /Bz2`2M+2b BM i?2 Q`B;BMH dI/dV KTb b?QrM BM 6B;X eXkX q2 bmKK`Bx2 i?2
}M/BM;b Q7 6B;X eX9 #v THQiiBM; i?2 +`Qbb +Q``2HiBQM Q7 i?2 irQ BM/2T2M/2MiHv +[mB`2/ Z KTb
b  7mM+iBQM Q7 2M2`;v BM 6B;X eX8X h?2 +`Qbb +Q``2HiBQM +Q2{+B2Mi Bb +QMbBbi2MiHv > 0.85 +`Qbb
i?2 2MiB`2 2M2`;v `M;2- BM/B+iBM; i?2 pHB/Biv Q7 i?2 Z KT BM 2HBKBMiBM; i?2 Ki`Bt 2H2K2Mi
2z2+ib BM?2`2Mi BM dI/dV KTbX
eX9 1``QM2Qmb M2KiB+ bB;MH /m2 iQ TB2xQ2H2+i`B+ /`B7i
q?BH2 i?2 Z@KT MQ`KHBxiBQM 2HBKBMi2b bTiBH M/ 2tT2`BK2MiH b2iTQBMi /2T2M/2M+2 BM
dI/dV KTb- #2+mb2 i?2 MQ`KHBxiBQM T`Q+2/m`2 BMpQHp2b  [mQiB2Mi Q7 /iTQBMib iF2M i
/Bz2`2Mi iBK2b- Bi Bb mM+H2` r?2i?2` Qi?2` 2tT2`BK2MiH 2``Q`b +QmH/ ;Bp2 `Bb2 iQ M 2``QM2Qmb
M2KiB+ bB;MH BM ZX AM i?Bb b2+iBQM r2 /2b+`B#2  iQv KQ/2H i?i /2KQMbi`i2b i?i i?2 M2KiB+
bB;Mim`2 /2b+`B#2/ #v GrH2` 2i HX (R8y) +QmH/ `Bb2 7`QK 2tT2`BK2MiH 2``Q`b BM i?2 ahJ /i
Ry3
















6B;m`2 eX8, *`Qbb@+Q``2HiBQM Q7 Z KTb i /Bz2`2Mi VsX h?2 +Q``2HiBQM Bb +QKTmi2/ 7`QK i?2
[mMiBiv, Z("r, V ;Vs1) ∗ Z("r, V ;Vs2) r?2`2 Z Bb /2}M2/ 7`QK Bib `2bT2+iBp2 dI/dV ("r, V ;Vs1,s2) mbBM; 1[MX
eXRRX h?2 Z KTb `2 iF2M 7`QK i?Qb2 b?QrM BM 6B;X eX9X *`Qbb +Q``2HiBQM 4 R BM/B+i2b M B/2H +Q``2H@
iBQMX
+[mBbBiBQM M/ MHvbBb T`Q+2/m`2X
h?2 #`QF2M `QiiBQMH bvKK2i`v BM "B2a`2**m2P8+δ rb 7QmM/ #v Q#b2`pBM; i?i i?2 x@
y bvKK2i`v rb #`QF2M QM i?2 mMBi@+2HH H2M;i?b+H2 #v HQQFBM; i i?2 6Qm`B2` i`Mb7Q`K Q7 i?2
Z(x, y) KTb (R8y)X b b?QrM T`2pBQmbHv BM 1[MX eX9- 2pHmiBM; i?2 `2H@T`i Q7 i?2 6Qm`B2` i`Mb@
7Q`K T2F i i?2 "`;; T2`BQ/B+Biv- Re[Z˜(Qy)]- Bb 2bb2MiBH iQ i?2 BMi2`T`2iiBQM i?i ON K2@
bm`2b BMi`@mMBi +2HH M2KiB+BivX h?Bb `2[mB`2b T`2+Bb2 T?b2 BM7Q`KiBQM- iQ 2Mbm`2 i?i i?2 aha
/i Bb T2`72+iHv BM@T?b2 rBi? i?2 *m iQKb BM *mP2 HiiB+2X >Qr2p2`- ahJ /Q2b MQi K2bm`2
i?2 *mP2 THM2 /B`2+iHvX AMbi2/- ahJ K2bm`2K2Mib b+M i?2 "BP THM2- M/ bbmK2 i?i #2@
+mb2 i?2 "B M/ *m iQKb `2 /B`2+iHv QM iQT Q7 2+? Qi?2` BM i?2 +`vbiH HiiB+2 Ub22 6B;X RXe BM
*?TX RV- i?2 BK;2/ "B iQKb Q7 i?2 "BP HiiB+2 b2`p2b b  /B`2+i `2;Bbi`v Q7 i?2 *m iQKb BM
i?2 *mP2 THM2X
h?2 T2`72+i `2;Bbi`v Q7 i?2 BK;2/ "B HiiB+2 iQ i?2 mM/2`HvBM; *mP2 HiiB+2 Bb i`m2 BM B/2H
bBimiBQMbX >Qr2p2`- 2tT2`BK2MiH `iB7+ib 7`QK i?2 ahJ TB2xQ2H2+i`B+ b+MMBM; ?2/ +M +mb2
2``QM2Qmb bK2`BM; Q` ǳ/`B7iǴ 2z2+ib i?i KB;?i +mb2  KBbHB;MK2Mi BM i?2 TT`2Mi TQbBiBQMb










6B;m`2 eXe, 1``Q` BM GiiB+2 _2;Bbi`v /m2 iQ SB2xQ2H2+i`B+ .`B7iX UV JBb@`2;Bbi`v /m2 iQ TB2xQ `2@
HtiBQMX h?2 HQ+iBQM Q7 i?2 iBT Bb BM T`BM+BTH2 +QMi`QHH2/ #v i?2 pQHi;2 U`2/V- bQ i?i 7Q` V = V (x1)- i?2
TQbBiBQM Q7 i?2 iBT b?QmH/ #2 x = x1 bvKTiQiB+HHvX >Qr2p2`- /2T2M/BM; QM i?2 iBK2 Q7 i?2 K2bm`2K2Mi-
i?2 +imH TQbBiBQM Q7 i?2 iBT rBHH /Bz2` 7`QK x1X i irQ BM/B+i2/ iBK2b U#H+F /QibV- b2T`i2/ #v ∆t-
i?2 TQbBiBQM /`B7ib #v mT iQ ∆xX U#V SB2xQ2H2+i`B+ /`B7i b?QrM BM UV +QmH/ H2/ iQ  b?B7i BM i?2 T2`+2Bp2/
HQ+iBQM Q7 i?2 HiiB+2 BM QM2 K2bm`2K2Mi p2`bmb i?2 M2ti K2bm`2K2MiX
/2M pQHi;2 +?M;2b TTHB2/ iQ +?M;2 i?2 bTiBH HQ+iBQM Q7 i?2 ahJ iBT rBHH `2bmHi BM i?2 +@
imH pQHi;2 +`Qbb i?2 TB2xQ #2BM; bHB;?iHv /Bz2`2Mi 7`QK i?2 bvKTiQiB+ pHm2X A7 ?Qr2p2`- i?2
pQHi;2 iQ i?2 TB2xQ Bb ?2H/ +QMbiMi 7Q`  bm{+B2MiHv HQM; ǳ`2HtiBQM iBK2Ǵ- i?2 TQbBiBQM Q7 i?2
TB2xQ rBHH `2+? Bib bvKTiQiB+ pHm2X h?Bb bBimiBQM Bb b+?2KiB+HHv BHHmbi`i2/ BM 6B;X eXeX b
i?2 ahJ iBT Bb `2HtBM; BMiQ i?2 bvKTiQiB+ TQbBiBQM- i?2 +QKTmi2` /Q2b MQi iF2 BMiQ ++QmMi
i?Bb KBb`2;Bbi`v- M/ #2+mb2 i?2 pQHi;2 TTHB2/ iQ i?2 TB2xQ Bb i?2 bi2/v bii2 pHm2 Vx1- i?2
+QKTmi2` bbmK2b i?i i?2 iBT Bb i TQbBiBQM i x1X h?2 `2bmHib BM `iB}+BH bi`2Fb BM i?2 BK;2
i?i `2 7KBHB` iQ HH ahJ 2tT2`BK2MiHBbibX h?2 biM/`/ i2+?MB[m2 iQ +QK#i i?Bb 2z2+i Bb iQ
TTHv  +QMbiMi pQHi;2 QM i?2 TB2xQb 7Q`  HQM; iBK2 T2`BQ/ #27Q`2 +[mB`BM; /iX
h?Bb 2z2+i Bb T`iB+mH`Hv BKTQ`iMi BM 2pHmiBM; i?2 6Qm`B2` i`Mb7Q`Kb Q7 i?2 Z@KTX "2@
+mb2 i?2 Z KT Bb  [mQiB2Mi Q7 irQ /iTQBMib K2bm`2/ b2T`i2Hv BM iBK2 #v mT iQ 1 − 2 b2+@
QM/b- BM T`BM+BTH i?2`2 +QmH/ #2 bB;MB}+Mi TB2xQ /`B7i #2ir22M i?2 irQ K2bm`2K2Mib dI/dV (−V )
M/ dI/dV (+V )X h?2 `2bmHi Q7 /`B7i #2ir22M Q7 i?2 ahJ iBT `2HiBp2 iQ i?2 *mP2 HiiB+2 K2@
bm`2/ i dI/dV (−V ) M/ dI/dV (+V ) rQmH/ +Q``2bTQM/ iQ bQK2 /B`2+iBQMH T?b2 b?B7i Q7 i?2 *m
HiiB+2 Q7 i?2 irQ K2bm`2K2Mib- b b?QrM BM 6B;X eXe#X dI/dV KQ/mHiBQMb i?i rQmH/ Qi?2`rBb2





= A cos(Qxx+ φx) = A cosφx cos(Qxx)−A sinφx sin(Qxx) UeXRjV
r?B+? `2/m+2b i?2 K;MBim/2 Q7 i?2 `2H +QKTQM2Mi Q7 i?2 6Qm`B2` i`Mb7Q`K 7`QK A→ A cosφxX
eX9XR hQv JQ/2H Q7 GiiB+2 .`B7i
h?Bb T`Q#H2K Bb T`iB+mH`Hv BKTQ`iMi 7Q` i?2 Z KT ;Bp2M i?2 KBb`2;Bbi`v #2ir22M i?2 +V M/
−V K2bm`2K2MibX A7 r2 TT`QtBKi2 i?2 dI/dV KQ/mHiBQMb BM  ;Bp2M /B`2+iBQM #v-
dI
dV
(x) ≈ 1 +Ax cos(Qxx) UeXR9V
r?2`2 Ax ∼ 0.1 − 0.01 M/ `2T`2b2Mib i?2 7`+iBQM Q7 i?2 iQiH KTHBim/2 Q7 dI/dV i?i Bb BM i?2
"`;; +?MM2H- i?2M i?2 Z KT Bb `2T`2b2Mi2/ #v-
Zx =
dI/dV (+V )
dI/dV (−V ) =
1 +Ax cos(Qxx)
1 +Bx cos(Qxx+ fx)
UeXR8V
r?2`2 Ax M/ Bx `2T`2b2Mi i?2 7`+iBQMH KTHBim/2b Q7 i?2 +V M/ −V K2bm`2K2Mib- M/ fx
Bb i?2 `2HiBp2 T?b2 b?B7i #2ir22M i?2 +V M/ −V K2bm`2K2MibX h?2 T?b2 KBbKi+? rBi?BM
 bBM;H2 bT2+i`mK rb 2biBKi2/ #v >KB/BM 2i HX (Rdj) iQ #2 < 2% Q7  HiiB+2 +QMbiMi- M/
bQ r2 }t fx = 2pi × 0.02 iQ #2 i?2 KtBKmK /`B7i BM  ahJ bT2+i`mKX h?2 7Q`K Q7 Zx 7`QK
1[MX eXR8 /2T2M/b QM i?2 pHm2b Q7 Ax, BxX 6Q` A = 0.1- r2 THQi i?2 7Q`K Q7 Zx b  7mM+iBQM Q7
UB-tV BM 6B;X eXdX q2 +M +H2`Hv b22 i?i i?2 `2;BQM `QmM/ B ≈ A `2T`2b2Mib  `2;BQM BM T?b2
bT+2 r?2`2 Zx Bb ?2pBHv b?B7i2/ rv 7`QK i?2 Qx T2`BQ/B+BivX 6Q` B < 0.8A- Zx Bb biBHH BM T?b2
rBi? i?2 HiiB+2 M/ i?2 dI/dV K2bm`2K2Mib- r?BH2 7Q` B > 1.2A- Zx Bb Qmi Q7 T?b2 rBi? i?2
dI/dV K2bm`2K2MibX h?Bb b?Qrb i?i i?2 2z2+i Q7 b+M TB2xQ /`B7i QM Mv Zx K2bm`2K2Mi Bb
iQ BM/m+2  MQM@i`BpBH T?b2X Pp2`HH- i?Bb /2KQMbi`i2b i?i b+M@TB2xQ /`B7i +QmTH2b BMiQ i?2 Z






























6B;m`2 eXd, hQv JQ/2H bBKmHiBQM Q7 ZxX aBKmHiBQM mb2b i?2 TT`QtBKiBQM BM 1[MX eXR8 iQ KQ/2H
Zx 7Q` f = 0.02 ∗Qx M/ A = 0.1X 6Q` B < 0.8A Zx b?B7ib T?b2 #v pi +QKT`2/ iQ Zx 7Q` B > 1.2AX h?2
BMi2`K2/Bi2 `2;BQM r?2`2 B ≈ A +mb2b MQM@i`BpBH T?b2 b?B7ib b r2HHX
eX8 P`/2` S`K2i2`b mM/2` _QiiBQM
eX8XR _Q#mbiM2bb Q7 ON(Z) iQ _QiiBQM
q2 T2`7Q`K2/ M 2tT2`BK2MiH i2bi iQ /2i2`KBM2 r?2i?2` b+M@TB2xQ MQBb2 +QmH/ BM}Hi`i2 i?2
L2KiB+ bB;MHX AM  aha KT- i?2 iBT b+Mb i?2 TBt2Hb HQM; 2+? `Qr- /2bB;Mi2/ i?2 7bi@b+M
tBb- #27Q`2 KQpBM; mT iQ i?2 M2ti `QrX h?2`27Q`2- #2+mb2 i?2 TB2xQ Bb #2BM; KQp2/ KQbi [mB+FHv
BM i?Bb /B`2+iBQM- r2 rQmH/ 2tT2+i i?2 7bi@b+M tBb iQ ?p2 i?2 /QKBMMi MQBb2 /m2 iQ TB2xQ2H2+@
i`B+ /`B7iX hQ BMp2biB;i2 r?2i?2` i?Bb rQmH/ BM}Hi`i2 i?2 L2KiB+ bB;MH- r2 +[mB`2/ irQ B/2M@
iB+H aha KTb rBi? i?2B` 7bi@b+M t2b Q`B2Mi2/ 90◦ iQ 2+? Qi?2`X h?2 KTb `2 /2bB;Mi2/ b
i?2 +45◦- M/ −45◦ KTbX hQ +?2+F r?2i?2` i?2 irQ KTb ;`22 rBi? 2+? Qi?2`- r2 2pHmi2/
i?2 HQ+H L2KiB+ Q`/2` T`K2i2` BM bT+2- Qp2`  8 iQK H2M;i?b+H2- iQ ;Bp2 ON (Z("r, V ;±45◦))X
h?Bb 2tT2`BK2MiH i2bi Bb b?QrM BM 6B;X eX3X "v 2v2- HH Q7 i?2 TM2Hb bbQ+Bi2/ rBi? i?2 +45◦
KT `2 r2HH +Q``2Hi2/ rBi? i?2 TM2Hb bbQ+Bi2/ rBi? i?2 −45◦ KTX h?2 M2KiB+ /QKBM
#QmM/`B2b- `2;BQMb rBi? bvKK2i`v HQM; QM2 tBb pbX i?2 Qi?2` tBb- `2 r2HH +Q``2Hi2/- M/





















6B;m`2 eX3, L2KiB+ Q`/2` T`K2i2` mM/2` `QiiBQMX _Q#mbiM2bb Q7 i?2 L2KiB+ Q`/2` T`K2i2`
iQ i?2 M;H2 Q7 b+M `QiiBQMX hrQ dI/dV bT2+i`H KTb r2`2 Q#iBM2/ rBi? i?2B` 7bi b+M t2b T2`T2M@
/B+mH` iQ 2+? Qi?2` U/2bB;Mi2/ +45◦ M/ −45◦VX U-#V Z KTb i V = 20 Ko 7Q` i?2 irQ bT2+i`H
KTb Q#iBM2/X h?2 −45◦ KT ?b #22M `Qii2/ 90◦ iQ HHQr 7Q` 2bB2` +QKT`BbQM rBi? UVX U+@?V GQ+H
M2KiB+ Q`/2` T`K2i2` ON (Z("r, V )) i i?2 BM/B+i2/ #Bb UBM KoV- 7Q` i?2 +45◦ M/ −45◦ KTb- b BM@
/B+i2/X .i r2`2 +[mB`2/ Qp2` M 18.5 × 18.5 MK2 `2;BQM Q7 P. Tc = 16 E- "B2−yS#ya`2*mP6+δ- i
T = 4.8 E- Vs = −100 Ko- Is = 100 TX HH +QM/m+iM+2 KTb ?p2 #22M /`B7i +Q``2+i2/ M/ HB;M2/ +@
+Q`/BM; iQ i?2B` QrM `2bT2+iBp2 bBKmHiM2QmbHv +[mB`2/ iQTQ;`T?B+ BK;2bX 1+? aha KT rb T`Q+2bb2/
BM/2T2M/2MiHv 7`QK i?2 Qi?2`X
`K2i2`b mb2/ iQ +[mB`2 i?2 /i BM 6B;X eX3- i?2 2H2+i`QMB+ T`K2i2`b- bT2+B}+HHv i?2 Z KT
M/ ON (Z("r, V ))- `2 BM/2T2M/2Mi Q7 b+M@tBb- M/ i?2`27Q`2 BM/2T2M/2Mi Q7 b+M@TB2xQ 2``Q`X
eX8Xk _Q#mbiM2bb Q7 KTHBim/2 P`/2` S`K2i2`
q2 MQr /Bb+mbb r?2i?2` Qi?2` Q`/2` T`K2i2`b +QmH/ #2 mb2/ iQ K2bm`2 2H2+i`QMB+ M2KiB+BivX
AM +QMi`bi iQ i?2 M2KiB+ /2}MBiBQM `2HvBM; QM i?2 `2H +QKTQM2Mi Q7 i?2 "`;; rp2p2+iQ`b BM
1[MX eXR- r?B+? r2 MQr /2MQi2-
OReN = Re[M˜(Qy)]−Re[M˜(Qx)] UeXReV
RRj
r2 +QmH/ BMbi2/ K2bm`2 i?2 iQiH /Bz2`2M+2 BM i?2 KTHBim/2 HQM; i?2 x M/ y /B`2+iBQMb,
OAmpN = |M˜(Qy)|− |M˜(Qx)|. UeXRdV
"2+mb2 |M˜(Q)|2 = Re[M˜(Q)]2 + Im[M˜(Q)]2- r2 M22/ iQ mM/2`biM/ i?2 T?vbB+H BMi2`T`2i@
iBQM Q7 Im[M˜(Qx)] iQ ;BM BMimBiBQM 7Q` OAmpN X A7 r2 HQQF i i?2 +`iQQM BHHmbi`iBQM Q7 i?2 *mP2
HiiB+2 BM 6B;X eXR- r2 +M b22 i?i Im[M˜(Qx)] +M #2 mM/2`biQQ/ b  sin(Qxx) KQ/mHiBQM-
+2Mi2`2/ i i?2 *m bBi2- MHQ;Qmb iQ ?Qr Re[M˜(Qx)] Bb mM/2`biQQ/ b  cos(Qxx) KQ/mHiBQMX
h?mb- Im[M˜(Qx)] +M #2 mM/2`biQQ/ b K2bm`BM; i?2 bvKK2i`v Q7 i?2 /D+2Mi *m@P #QM/
bBi2bX >Qr2p2`- b /Bb+mbb2/ BM >KB/BM 2i HX (Rdj)- M BK;BM`v Q`/2` T`K2i2`,
OImN = Im[M˜(Qy)]− Im[M˜(Qx)] UeXR3V
rQmH/ #2 2ti`2K2Hv b2MbBiBp2 iQ b+M@TB2xQ MQBb2 #2+mb2  T?b2@b?B7i δ BM i?2 HiiB+2- +mb2/ #v
HiiB+2 KBb@`2;Bbi`v- rQmH/ +QmTH2 BMiQ OImN #2+mb2 7Q` x +HQb2 iQ x = 0-
sin(Qxx+ δ) ≈ sin(δ) +Qx cos(δ)x ≈ Qxx+ δ +O(δ2) UeXRNV
r?2`2 i?2 Hbi HBM2 mb2/ i?2 `2HiBQMb?BT i?i δ << 1X PM i?2 Qi?2` ?M/- 7Q` OReN r?B+? Bb `2T`2@
b2Mi2/ #v cos(Qxx)- i?2 BKT+i Q7  T?b2 b?B7i δ rQmH/ #2 U7Q` bKHH x +HQb2 iQ x = 0V,
cos(Qxx+ δ) ≈ cos(δ)−Qx sin(δ)x ∼ O(δ2) UeXkyV
r?2`2 i?2 Hbi HBM2 bbmK2b i?i 7Q` bKHH x- Qxx ∼ O(δ)X h?2 irQ `2bmHib BM 1[MbX eXRN-eXky
b?Qr i?i i?2 iQK +2Mi2`2/ Q`/2` OReN Bb b2MbBiBp2 iQ T?b2 b?B7ib QMHv iQ b2+QM/ Q`/2`- r?BH2
i?2 #QM/@+2Mi2`2/ Q`/2` OImN Bb b2MbBiBp2 iQ T?b2 b?B7ib iQ }`bi Q`/2`X h?Bb BMpHB/i2b i?2 mb2 Q7
OImN X
>Qr2p2`- i?2 [m2biBQM `2KBMb- ?Qr b2MbBiBp2 Bb i?2 KTHBim/2 Q`/2` T`K2i2` OAmpN iQ T?b2
b?B7ib\ hQ Mbr2` i?Bb [m2biBQM r2 b?Qr BM 6B;X eXN i?2 2z2+i Q7 /Bz2`2Mi b+M M;H2b QM i?2
RR9
OReN (Z("r, V ;±45◦)) M/ OAmpN (Z("r, V ;±45◦)) KTbX h?2 b2i Q7 BK;2b BM 6B;X eXN b?Qr i?i
OReN (Z("r, V ;±45◦)) Bb bB;MB}+MiHv #2ii2` +Q``2Hi2/ #2ir22M /Bz2`2Mi b+M M;H2b +QKT`2/ iQ
OAmpN (Z("r, V ;±45◦))X hQ #2ii2` [mMiB7v i?Bb i`2M/- r2 THQi i?2 2M2`;v /2T2M/2M+2 Q7-
ORe,AmpN (Z("r, V ; +45
◦)) ∗ORe,AmpN (Z("r, V ;−45◦)),
r?2`2 ∗ BM/B+i2b  +`Qbb +Q``2HiBQM- BM 6B;X eXRyX "2+mb2 i?2 +`Qbb +Q``2HiBQMb Q7 OReN BM 6B;X
eXRy Bb +QMbBbi2MiHv H`;2` i?M yXd +`Qbb HH 2M2`;B2b b?QrM- r2 +M +QM+Hm/2 i?i OReN Bb `Q#mbi
iQ b+M@M;H2 `QiiBQM M/ i?2`27Q`2 b+M@TB2xQ BM/m+2/ T?b2 b?B7ibX >Qr2p2`- i?2 TQQ` +Q``2H@
iBQM Q7 OAmpN +`Qbb b+M M;H2b- 2p2M #2+QKBM; MiB@+Q``2Hi2/ 7Q` E > 40 Ko- b?Qrb i?i OAmpN
Bb MQi `Q#mbi iQ b+M@TB2xQ BM/m+2/ T?b2 b?B7ibX h?Bb /2KQMbi`i2b i?i i?2 T?b2 BM7Q`KiBQM
i?i Bb HQbi BM i?2 /2}MBiBQM Q7 OAmpN Bb +`m+BH iQ K2bm`2 Mv 7Q`K Q7 #`QF2M bvKK2i`v M/ i?2
`2bmHib Q7 6B;bX eXN-eXRy BMpHB/i2 i?2 mb2 Q7 OAmpN iQ K2bm`2 #`QF2M bvKK2i`B2bX
eXe *QM+HmbBQM
Pm` `2bmHib TQBMi iQ i?2 pHB/Biv Q7 i?2 MHvbBb i2+?MB[m2 mb2/ #v GrH2` 2i HX- r?BH2 }HHBM; BM
bQK2 Q7 i?2 `2[mB`2/ 2tT2`BK2MiH /2iBHbX q2 ?p2 /2KQMbi`i2/ i?i Ki`Bt 2H2K2Mi 2z2+ib
BM dI/dV KTb `2M/2` i?2K mMbmBi#H2 7Q` ?B;? `2bQHmiBQM bim/B2b- bm+? b i?2 b2`+? 7Q` 2H2+@
i`QMB+ BMi`@mMBi +2HH M2KiB+BivX a2+QM/Hv- r2 b?Qr i?i i?2 Z KT MQ`KHBxiBQM- r?BH2 MQi
#2BM; mMB[m2 BM 2HBKBMiBM; Ki`Bt 2H2K2Mi 2z2+ib- /Q2b 2HBKBMi2 i?2 bTiBH M/ b2iTQBMi /2@
T2M/2M+2 Q7 i?2 Ki`Bt 2H2K2MibX q2 mb2/  bBKTH2 iQv KQ/2H iQ BHHmbi`i2 ?Qr b+M TB2xQ 2``Q`b
+QmH/ BM}Hi`i2 i?2 L2KiB+ bB;MH Q7  Z(x, y) KT M/ ;Bp2 `Bb2 iQ M 2``QM2Qmb M2KiB+ bB;@
MHX >Qr2p2`- Qm` /2KQMbi`iBQM Q7 i?2 `Q#mbiM2bb Q7 M2KiB+ Q`/2`BM; iQ b+M /B`2+iBQM BM/B+i2b
i?i 7Q`  r2HH +?Qb2M b2i Q7 2tT2`BK2MiH T`K2i2`b- Bi Bb TQbbB#H2 iQ 2HBKBMi2 b+M TB2xQ MQBb2
7`QK i?2 K2bm`2K2Mi Q7 ON (Z)X 6m`i?2`KQ`2- Qm` MHvbBb Q7 M KTHBim/2 Q`/2` T`K2i2`
M/ /2KQMbi`iBQM Q7 Bib b2MbBiBpBiv iQ b+M@TB2xQ 2``Q`- 7m`i?2` pHB/i2b i?2 mb2 Q7 ON (Z) b /2@
}M2/ BM _27X (R8y)X h?Bb pHB/i2b i?2 `2bmHib Q7 GrH2` 2i HX (R8y)- M/ TQBMib iQ i?2 BKTQ`iM+2










4 mV 20 mV 40 mV 60 mV
High
Low
6B;m`2 eXN, "`QF2M bvKK2i`v Q`/2` T`K2i2`b mM/2` `QiiBQMX h?2 Z(+45◦) M/ Z(−45◦)
KTb b?QrM BM 6B;X eX3 `2 mb2/ iQ +H+mHi2 #`QF2M bvKK2i`v Q`/2` T`K2i2`b b /2}M2/ BM 1[MX eXR 7Q`
OReN M/ 1[MX eXRd 7Q` OAmpN X h?2 +QHmKM H#2Hb i i?2 iQT b?Qr i?2 2M2`;v Q7 i?2 `2bT2+iBp2 ON KTb-
r?BH2 i?2 `Qrb BM/B+i2 i?2 ON Q`/2` M/ i?2 b+M `QiiBQM M;H2X 1+? TB` Q7 `Qii2/ BK;2b i?i }t2b
ON M/ E UBX2X OReN (+4 Ko,+45◦) M/ OReN (+4 Ko,−45◦)V `2 THQii2/ mbBM; i?2 bK2 MmK2`B+H +QHQ`
#`X >Qr2p2`- iQ BM+`2b2 i?2 +QMi`bi pBH#H2 #2ir22M 2M2`;B2b- r2 HHQr i?2 KtfKBM Q7 i?2 +QHQ` #`b
#2ir22M 2M2`;B2b iQ p`vX h?2 BK;2b +Qp2`  18.5× 18.5 MK2 `2;BQM Q7 "B@kkyRX
RRe























6B;m`2 eXRy, *`Qbb +Q``2HiBQM Q7 P`/2` S`K2i2`b +[mB`2/ i /Bz2`2Mi a+M M;H2bX h?2
+`Qbb +Q``2HiBQM +Q2{+B2Mi Q7 ORe,AmpN (Z("r, V ; +45◦)) ∗ ORe,AmpN (Z("r, V ;−45◦)) Bb THQii2/ b  7mM+iBQM
Q7 2M2`;v 7Q` i?2 _2H UOReN V M/ KTHBim/2 UOAmpN V Q`/2` T`K2i2`b b BM/B+i2/ BM i?2 H2;2M/X h?2




(R) GBM; 6m- *?`H2b G EM2- M/ 1m;2M2 C J2H2X hQTQHQ;B+H BMbmHiQ`b BM i?`22 /BK2MbBQMbX
S?vbX _2pX G2iiX- N3URyV,Rye3yj- kyydX
(k) J w?B/ >bM M/ * G EM2X *QHHQ[mBmK, hQTQHQ;B+H BMbmHiQ`bX _2pB2rb Q7 JQ/2`M
S?vbB+b- 3kU9V,jy98Ĝjyed- LQp2K#2` kyRyX
(j) sBQ@GBM; ZB M/ a?Qm@*?2M; w?M;X hQTQHQ;B+H BMbmHiQ`b M/ bmT2`+QM/m+iQ`bX _2@
pB2rb Q7 JQ/2`M S?vbB+b- 3jU9V,Ry8dĜRRRy- P+iQ#2` kyRRX
(9) uQB+?B M/QX hQTQHQ;B+H AMbmHiQ` Ji2`BHbX CQm`MH Q7 i?2 S?vbB+H aQ+B2iv Q7 CTM-
3k,RykyyR- kyRjX
(8) CQ2H 1 JQQ`2X h?2 #B`i? Q7 iQTQHQ;B+H BMbmHiQ`bX Lim`2- 9e9Udk3eV,RN9ĜRN3- J`+? kyRyX
(e) " A >HT2`BMX ZmMiBx2/ >HH +QM/m+iM+2- +m``2Mi@+``vBM; 2/;2 bii2b- M/ i?2 2tBbi2M+2
Q7 2ti2M/2/ bii2b BM  irQ@/BK2MbBQMH /BbQ`/2`2/ TQi2MiBHX S?vbX _2pX "- k8U9V,kR38Ĝ
kRNy- 62#`m`v RN3kX
(d) * G EM2 M/ 1 C J2H2X wk hQTQHQ;B+H P`/2` M/ i?2 ZmMimK aTBM >HH 1z2+iX S?vbX
_2pX G2iiX- N8UR9V,R9e3yk 1S Ĝ- a2Ti2K#2` kyy8X
(3) "  "2`M2pB;- h G >m;?2b- M/ a * w?M;X ZmMimK aTBM >HH 1z2+i M/ hQTQHQ;B+H
S?b2 h`MbBiBQM BM >;h2 Zm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